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Abstract 
In areas where a range of industries and economies rely on the extraction of 
water, aquifer connectivity can be a controversial issue and in some cases it may lead 
to water resource conflict- and management-challenges. Recently, the expansion of 
the coal seam gas industry has raised concerns about the risks to aquifers adjacent to 
gas-bearing aquifers because water needs to be extracted from the coal seams in 
order to release the sorbed gas. Consequently, there is a need to: a) understand 
aquifer connectivity in particular areas; and b) critique the effectiveness of different 
parameters that can be applied to understand interactions between coal seam gas 
formations and adjacent aquifers.  This study provided a hydrochemical and isotopic 
assessment within and between a coal measure aquifer (the Walloon Coal Measures) 
that is being exploited for coal seam gas reserves, and a large, agriculturally-
important alluvial aquifer (the Condamine River alluvium), in south east Queensland, 
Australia. This study had two main aims: 1) To understand solute and gas transport 
within and between the coal seam gas-bearing and adjacent aquifers; and 2) To 
determine the effectiveness of a number of potential hydrochemical/isotopic 
indicators in coal seam gas-related aquifer connectivity studies.   
Two distinct coal seam gas groundwater facies from the gas reservoir were 
described: one dominated by HCO3 and the other by Cl. These facies accompany 
respective shifts in F and Ca and Mg concentrations. This can be explained by 
variability in the lithological and coal matrix. Using multi-variate statistical analysis 
in combination with inverse geochemical modelling, similar Na-HCO3 water types 
were also shown to evolve in-situ in the alluvium via a number of hydrochemical 
pathways including the recharge of rainfall or river water or the evolution of basalt-
derived discharge. A novel hydrochemical ion ratio index (the CCR index) was 
proposed as a simple method for delineating Na-HCO3 water types in large, highly 
variable data sets and a number of potential areas of aquifer interaction were noted. 
However, delineating coal seam gas groundwater and associated pathways within 
and between bedrock aquifers using conventional techniques remained challenging 
due to the occurrence of Na-HCO3 water types in all aquifers. This was addressed 
using a compositional data analysis approach.  
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Coal seam gas groundwater in the Surat and Clarence-Moreton basins 
(Condamine River catchment) and other basins around the globe were shown to 
exhibit subtle, yet distinguishing, compositional attributes. These attributes can be 
defined by the relative proportion of ions in the simplex and expressed as simple 
linear or quadratic models of isometric log ratios. These models are a novel and more 
informative alternative to conventional means of characterising “water types” based 
on the dominant ions. Two isometric log ratios that represent the relative proportion 
of HCO3 to Ca and Mg, and Cl to SO4 were found to successfully delineate 
groundwater associated with high biogenic gas in the Condamine River catchment, 
as well as in other basins worldwide. These isometric log ratios are proposed as a 
new, informative and universal method for characterising and delineating coal seam 
gas hydrochemistry. For the Condamine River catchment, the compositional 
variability of coal seam gas groundwater and the occurrence of gas and the 
associated hydrochemical attributes were found to be spatially inconsistent within the 
coal measures.  
The collective hydrochemical information presented above informed a strategic 
sampling program that employed: a) CH4 and the associated isotopes of carbon and 
hydrogen; and b) a conservative ions and a multi-isotope approach to further assess 
aquifer connectivity. Peak CH4 concentrations were found in the coal measures (95 – 
25000 µg/L). In the gas reservoir (200-500 m) a limited CO2 pool and significant 
biogenic methanogenesis leads to relatively enriched δ13C-CH4 (-58‰ to -47‰). In 
contrast, in the shallower coal measures (<200 m) the δ13C-CH4 was typically 
depleted (-80‰ to -65‰). Small concentrations of CH4 (10-535 µg/L) were also 
found in the alluvium with a similar δ13C-CH4 range (-80‰ to -50‰). By combining 
data on δ13C-CH4, δ
2
H-CH4, salinity and redox, and dissolved organic carbon, 
complex hydrochemical and thermodynamic controls associated with in situ 
generation of CH4 was observed for both the shallow coal measures and the 
alluvium. This study reported the first observation of acetoclastic methanogenesis in 
the Walloon Coal Measures of the Surat Basin which accounted for the most 
enriched δ13C-CH4 sample (~-50‰) in the shallow coal measures. Data do not show 
any evidence of gas migration, either from the deep gas reservoir to the shallow coal 
measures or from the shallow coal measures to the alluvium. Results highlight that 
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the isotopic description of the CH4 from the gas reservoir is not necessarily the 
appropriate isotopic-CH4 end member to use in aquifer connectivity studies.  
The final component of this research used a combination of Cl, stable isotopes 
of water, δ37Cl, 3H and 14C, Cl/Br and Li/Cl ratios and δ7Li were used to assess the 
origins of conservative solutes within and between aquifers. 
14
C provided ambiguous 
results due to the effect of methanogenesis, and potentially due to the dissolution of 
carbonates, in both the coal measures and the alluvium.  While discrete spikes in Cl 
in deep areas of the alluvium have previously been thought to be associated with the 
influx of groundwater from the underlying coal measures, δ37Cl results do not show 
evidence of significant solute (Cl) migration between the alluvium and coal 
measures. Using Li/Cl ratios in combination with Br concentrations, a clear 
delineation between alluvial and coal measures aquifers could be made: this reflects 
the consistently low Li concentrations in the alluvium (typically ~0.001 mg/L or 
less), while Li concentrations in the coal measure are distinguished by higher Li 
concentrations (0.007 mg/L to 0.04 mg/L) that are positively correlated with Cl. 
Combining Li concentration results with the stable isotopes of Li (δ7Li) peak Li 
concentrations in the alluvium were shown to be associated with weathering of clays 
in shallow zones. In addition, some interactions between the basalt aquifers and coal 
measures were observed.  
Moreover, this study found no evidence of large-scale gas or solute transfer between 
the alluvial aquifer, the Condamine River alluvium, and the underlying Walloon Coal 
Measures in the upper Condamine River catchment. The most effective 
hydrochemical indicators used in this study were: 1) isometric log ratios that describe 
the relative proportion of ions: these can be used to delineate particular water types 
and groundwater associated with high gas concentrations; and 2) Li concentrations 
(Li/Cl versus Br plots) in combination with δ7Li. Li and its associated stable isotopes 
(δ7Li) shows particular promise as a hydrochemical tracer in coal seam gas-related 
studies due to conservative properties and because this ion is generally unaffected by 
pH and redox conditions and biological processes. The use of CH4 as a tool to 
understand aquifer interactions requires complex biogeochemical processes to be 
understood at the catchment scale. Researchers are encouraged to collect 
comprehensive data sets, including δ13C-CH4 and δ
2
H-CH4, δ
13
C-DIC and δ2H-H2O 
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as well as hydrochemical data to describe redox and salinity conditions prior to 
making inferences about CH4 origins at the catchment-scale.  
The findings of this study have direct applicability to future studies concerned with 
aquifer connectivity and/or water resource management associated with 
unconventional gas development worldwide. More broadly, the techniques and 
approaches used here provide informative insight into the effectiveness of 
hydrochemical and isotopic parameters to delineate particular groundwater end 
members and/or to be used as indicators of aquifer connectivity in in future 
hydrogeological studies. 
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Chapter 1: Introduction 
Sections 1.1 to 1.3 provide the context for this research and introduce the research 
problem with respect to the area being studied. Section 1.4 outlines the aims and 
scope of this thesis and section 1.5 provides an overview of the thesis structure.  
1.1 ALLUVIAL AQUIFERS AND COAL SEAM GAS 
Groundwater is an important water resource worldwide, with irrigation for 
agriculture being the dominant use of groundwater resources (Siebert et al. 2010; 
Wada et al. 2010). Both historically and currently, alluvial aquifers have provided 
substantial groundwater supplies for agricultural and other purposes (Helena et al. 
1999; García et al. 2001; Sanchez-Martos et al. 2002; Güler et al. 2004; Lorite-
Herrera et al. 2007; Al-Shaibani 2008; Chae et al. 2009; Faunt et al. 2009). In 
Australia, extraction from alluvial aquifers accounts for approximately 60% of total 
groundwater use (GeoScience Australia 2016a).  
Due to their surficial nature, alluvial aquifers typically represent “receiving” 
hydrological systems. Therefore, understanding the relationships between alluvial 
aquifers and surrounding water sources and other water bodies is particularly 
important when addressing sustainable use of groundwater. In areas where coal seam 
gas (CSG), also called coal bed methane, resources  are being developed, interactions 
between alluvial aquifers and shallow gas-bearing formations  has become an 
increasingly important water resource management issue because groundwater needs 
to be extracted  from coal seams to release the sorbed gas (Commonwealth of 
Australia 2014).  
1.2 THE NEED FOR EFFECTIVE HYDROCHEMICAL AND ISOTOPIC 
TOOLS FOR ASSESSING AQUIFER INTERACTION 
Characterising the hydrochemical processes within alluvial aquifers is vital to 
understanding both the nature and extent of the groundwater resource, as well as its 
relationships with its surrounding aquifers and the overall hydrological cycle. To 
achieve this, a  range of hydrochemical and isotope parameters are routinely 
collected in hydrogeological studies, including major and minor ions, stable isotopes 
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of oxygen and hydrogen in water, stable isotopes of carbon, radiogenic isotopes such 
as 
87
Sr , and radioactive isotopes, such as 
3
H and 
14
C to determine water ages (for 
example, Gat 1996; Thyne et al. 1999; Cartwright et al. 2006; Meredith et al. 2009; 
Praamsma et al. 2009; Cartwright et al. 2010; Katz et al. 2011; Wainwright et al. 
2011; Meredith et al. 2012; King et al. 2013). Each parameter provides specific 
information about water sources and/or water-rock interaction, and integration of 
these parameters can be used to indicate particular hydrogeological processes.   
There are two benefits of performing hydrochemical and isotope assessments: 1) Key 
processes can be explained; and 2) The effectiveness of particular 
parameters/techniques in elucidating different processes or interactions can be 
assessed. However, in order to realize these mutual benefits, researchers must 
develop an understanding of the fundamental hydrogeological systems involved and 
likely hydrological processes.  
This methodical approach is especially important in coal seam gas studies because 
groundwater from gas-bearing formations can exhibit certain hydrochemical and 
isotopic characteristics that can lead to ambiguous interpretation in these complex 
hydrogeological settings. For example, coal seam gas groundwater is typically a Na-
HCO3 or Na-HCO3-Cl water type (Van Voast 2003; Hamawand et al. 2013), but 
these water types can also evolve via other processes that are not related to coal or 
methanogenesis (Venturelli et al. 2003; Chae et al. 2006). Similarly, stable isotopes 
of hydrogen and oxygen in water are often employed as indicators of water 
source/origin, but high rates of methanogenesis can also produce  enrichment of 
these isotopes in gas-bearing aquifers (Quillinan et al. 2014).  
In addition, methane (CH4) concentrations are obviously high in coal seam gas 
aquifers, but it can also be generated in-situ in other aquifer environments. In 
addition, there are a range of processes that influence the carbon and hydrogen 
isotopes of CH4 that can lead to similar isotope fractionation (Whiticar et al. 1986; 
Conrad 1999; Whiticar 1999; Aravena et al. 2003; Conrad 2005; Penger et al. 2012). 
In order to address these potential ambiguities, coal seam gas related research not 
only needs to consider the problem of aquifer connectivity, but first must address the 
need for effective and appropriate tools for describing aquifer interactions. This is a 
challenge, and requires careful hydrochemical and isotopic assessments to describe 
the various components and processes, including the specific end members within 
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and between aquifers that are relevant to a particular location or system. This 
information, collected at the basin- or catchment-scale, can then be used to inform 
the use of effective hydrochemical and isotopic parameters in future studies 
associated with unconventional gas development and/or aquifer connectivity. 
1.3 ALLUVIAL-BEDROCK INTERACTION IN THE CONDAMINE 
RIVER CATCHMENT, QUEENSLAND, AUSTRALIA. 
In the eastern Surat and north western Clarence-Moreton basins, of south eastern 
Queensland, commercial interest in coal seam gas production from the Walloon Coal 
Measures (WCM), a Jurassic bedrock unit that contains multiple coal seams, has 
grown significantly over the last decade. In the Condamine River catchment, the coal 
measures underlie the Condamine River alluvium, a highly productive groundwater 
resource that supports large-scale irrigation, largely for cotton, in the region. 
Understanding connectivity between the aquifers of the Condamine alluvium and the 
coal measures is critical to managing water extraction in both aquifers.  
From a water resource management perspective, it is assumed that there is some 
interconnectivity between the alluvium and the WCM, but the degree and direction 
of the connection is at present poorly understood (QWC, 2012). Some recent studies 
propose that there is hydraulic connectivity between the WCM aquifers and the 
Condamine alluvium, describing a potential groundwater flow gradient from the 
WCM into the alluvium and hydrochemical anomalies in some deeper alluvial zones 
(increased salinity) (e.g. Hillier, 2010; KCB, 2011). However, these studies are based 
on limited data from localized areas, and therefore may not be fully representative. 
More comprehensive studies using larger data sets are warranted to address the lack 
of scientific understanding of this aquifer connectivity, but also to describe the 
hydrochemical behaviour within and between the alluvial, WCM and surrounding 
aquifers. 
1.4 AIMS AND SCOPE 
This study will focus on the aquifers in the upper-mid section of the Condamine 
River catchment, south east Queensland, Australia. There are two primary aims of 
this study:  
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1. To characterise the influences on hydrochemical and isotope hydrology, 
including the occurrence of CH4, within the Condamine River alluvium and 
the Walloon Coal Measures aquifers; and 
2. To test the effectiveness of a range of hydrochemical and isotopic parameters 
as tools for assessing hydrogeological processes within and between the 
Condamine River alluvium and the Walloon Coal Measure aquifers.  
There are four main research questions that will be addressed: 
i. What are the major controls on hydrochemistry, isotope hydrology and CH4 
concentrations in the alluvial, WCM and surrounding bedrock aquifers? 
(Chapters 4 and 5);  
ii. Can a distinct coal seam gas groundwater type be described that allows 
hydrochemical pathways that are potentially associated with groundwater in 
the gas reservoir to be inferred? (Chapter 6);  
iii. Is there hydrochemical and/or isotopic evidence of interactions between the 
Condamine River alluvium and Walloon Coal Measures? (Chapters 7, 8 and 
9): and 
iv. What are the most effective hydrochemical and isotopic indicators that can be 
used to assess connectivity between the Condamine River alluvium and 
Walloon Coal Measures? (Chapters 7, 8 and 9).  
These research questions will be addressed by first assessing hydrochemical 
variability within groundwater of the shallow gas reservoir to better describe the 
CSG groundwater end member (Chapter 4). Hydrochemical variability within and 
between the alluvial and bedrock aquifers is then assessed to determine potential 
areas where connectivity may occur, and to describe other major controls on alluvial 
hydrochemistry (Chapter 5). The variability of the CSG groundwater end member 
described in Chapter 4 will then be reassessed with respect to the evolution of 
groundwater in the bedrock to delineate hydrochemical pathways associated with the 
evolution of a distinct CSG groundwater end member (Chapter 6). Here, a simple 
tool for assessing compositional similarities within the sample “simplex” (the 
restricted hydrochemical sample space) is described.  
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The preliminary work in these chapters is then used to inform a strategic sampling 
program that focuses on potential areas of aquifer connectivity. This sampling 
program and  data analysis will focus on two main issues associated with aquifer 
connectivity:  a) the extent of the occurrence of CH4 and the associated influence  on  
stable isotopes of carbon and hydrogen of CH4 in the gas reservoir (200-500 m), the 
shallow coal measures (<200 m) and the overlying Condamine alluvium (Chapters 
7); and b) the effectiveness of the integration of other hydrochemical and isotopic 
tools for assessing hydrochemical evolution within and between the alluvium and 
WCM aquifers (Chapters 8 and 9). 
1.5 THESIS OUTLINE 
Chapter 2 provides the background to the study area and presents the conceptual 
hydrogeological relationships between the Condamine River alluvium and the 
surrounding bedrock aquifers.  
Chapter 3 provides a summary of the current knowledge of the alluvial and bedrock 
aquifers, the extent and characterisation of gas in the gas reservoir, as well as current 
conceptual hypotheses and conclusions regarding aquifer connectivity and 
hydrochemistry of the Condamine alluvium and the WCM.  
Chapter 4 (published in the Journal of International Coal Geology) describes the 
hydrochemical variability of the CSG groundwater in the gas reservoir where 
commercial gas reserves are being exploited. This work shows that, despite Na, 
HCO3 and Cl ions dominating the hydrochemistry, much of the hydrochemical 
variability is explained by changes in Ca, Cl, F and HCO3. These observations led to 
subsequent work presented in this thesis, which identify specific hydrochemical 
attributes that are unique to the CSG groundwater end member.  
Chapter 5 (published in Science of the Total Environment) uses multivariate 
statistics in combination with inverse geochemical modelling to describe potential 
hydrochemical pathways within and between alluvial and bedrock aquifers. This 
chapter introduces a new ion ratio index (the cation-chloride ratio or CCR index) that 
is used to assess variability in large data sets, particularly to identify the presence of 
Na-HCO3 water types. This information was used to inform the strategic sampling 
program associated with Chapters 7, 8 and 9.  
 Chapter 1: Introduction 6 
Chapter 6 (published in Water Resources Research) uses an alternative approach to 
explore hydrochemical variability within and between bedrock aquifers. In this 
chapter, emerging mathematical techniques that consider the relative proportions of 
ions in the sample space (the simplex) are presented as a robust means of describing 
compositional variability. This method is proposed as a more informative means of 
describing “water types” than conventional methods. A new plot, which uses a 
geochemically-intuitive set of isometric log ratios and which can be used to delineate 
pathways towards high gas, CSG groundwaters is presented.  
Chapter 7 (accepted at Nature: Scientific Reports) describes the nature and extent of 
CH4 within and between the coal measures and the alluvium. Using a combination of 
hydrochemical and isotope data, complex hydrochemical and thermodynamic 
controls on CH4 production, consumption and potential migration are assessed.  
Chapters 8 and 9 are presented in two linking parts.  Chapter 8 (published in 
Procedia Earth and Planetary Science) presents findings of a preliminary assessment 
of the use of δ7Li to investigate interactions between the alluvium and surrounding 
aquifers. Chapter 9 (drafted – with co-authors) builds on this preliminary work and 
assesses the effectiveness of a range of other isotopes (δ37Cl, 3H and 14C, and Cl/Br) 
in addition to that of Li/Cl ratios and δ7Li to identify potential solute transport within 
and between aquifers. Results highlight the value of the conservative Li ion as an 
effective tracer in coal seam gas-related studies.  
Findings from the study are integrated in Chapter 10 which provides a synopsis of 
the results and conclusions detailed in chapters 4 – 9. The findings regarding aquifer 
connectivity are summarised, and the effectiveness of a range of difference 
hydrochemical and isotopic tools for assessing connectivity between the WCM and 
the alluvium in the Condamine River catchment is outlined. The applicability of 
these techniques to other CSG-related aquifer connectivity studies is discussed.  
Chapter 11 summarises the findings and provides conclusions to the study. 
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Chapter 2: Scientific background 
2.1 GROUNDWATER HYDROCHEMISTRY 
The presence of minerals such as clays and silicates, of heavy metals, and 
biochemical reactions can also influence hydrochemical evolution in groundwaters, 
and most of these processes are  well documented and understood (Appelo et al. 
2010), although the role of biochemical reactions deserves further attention. In 
unconfined aquifers, such as alluvial deposits, the repeated input of recharge water, 
CO2 and in some cases ions from anthropogenic inputs such as industrial and 
agricultural chemicals can also influence hydrochemistry (Singh et al. 2006a; Lorite-
Herrera et al. 2007; Chae et al. 2009). Aquifer heterogeneity and associated hydraulic 
conductivity can also have a significant effect on solute transport (Jankowski et al. 
2000; Schulmeister 2002). The subsequent range of potential influences on 
hydrochemistry highlights the need to understand the setting and character of a 
groundwater system in order to make inferences about hydrochemical evolution.  
2.1.1 Characterizing water types and describing hydrochemical processes 
Traditional approaches 
Chebotarev (1955) first proposed that the chemical evolution of groundwater 
resulting from water-rock interactions and hydrogeological processes, produces 
distinct hydrochemical facies, or “water types”. More often than not, hydrochemical 
facies or water types are assessed graphically using traditional plots such as Piper 
diagrams, Stiff diagrams, Schoeller plots, Gibbs diagrams, or combinations of ion 
ratio plots. These plots compare the ratios or amalgamations (addition) of certain 
ions with the ratios or quantity of other ions (or combinations of ions). They are well 
used, familiar and geochemically intuitive. As a result, the use of these types of plots 
is convenient and often routine. However, they can be limited in their ability to focus 
on specific processes; rather, they describe broad relationships between all ions.  
Another disadvantage of these approaches is that they can be visually messy when 
working with large, highly variable data sets, and the arrangement of ion partitioning 
may not suit the specific hydrochemical problem being addressed. For example, the 
addition of SO4 and Cl in Piper diagrams is not well suited to studies concerned with 
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methanogenesis because the depletion of SO4 in these instances offers important 
information about redox conditions that is likely to be masked by Cl concentrations. 
As a result, additional plots may be required to accompany traditional Piper plots and 
Stiff diagrams, to analyse the data. Typically, these take the form of ion ratio plots 
that focus on describing specific processes, such as carbonate precipitation. 
Mathematical approaches  
Another disadvantage of the traditional approaches described above is that, despite 
being commonplace, plots such as Piper plots are mathematically limited and can 
potentially invoke spurious correlation caused by scaling; they employ amalgamation 
which does not preserve distances within what is an already restricted sample space 
(called the simplex) (Egozcue et al. 2005; Bacon-Shone 2006; Pawlowsky-Glahn et 
al. 2006). This occurs because hydrochemical data are compositional by nature, 
meaning they are quantitative data that sum to a whole. Each unit or part represents a 
proportion or subpart of the total composition which is made up entirely of positive 
components in a real space which are scaled by the total sum of components 
(Egozcue et al. 2005; Bacon-Shone 2006). This phenomenon was initially observed 
by Pearson (1897) and was later investigated in a geological context, e.g. Chayes 
(1960). The issue was comprehensively examined in the 1980s and additive log 
ratios (alr) or centred log ratios (clr) transformation was proposed as solutions 
(Aitchison 1982; Aitchison 1986). More recently, the isometric log ratios approach 
was developed, which ultimately recognized that compositions can be represented as 
orthogonal (Cartesian) coordinates in the simplex (Egozcue et al. 2003; Egozcue et 
al. 2005).   
Which approach to use? 
The arguments for and against both traditional and mathematical approaches 
described above continue to be debated in the scientific realm. However, there is 
some obvious dogma involved that obscures a pathway towards a common 
resolution. From a mathematical perspective, compositional methods are sound, and 
avoid spurious correlation, but the hydrogeological and geological disciplines have 
been slow to adopt these techniques. One reason may be that the compositional 
techniques are not always geochemically intuitive, as they employ log-ratio formulae 
to describe the relative proportion of parts, whereas traditional approaches use simple 
amalgamation and ion ratios which make interpretation and conceptualization easy. 
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In some cases, it can be argued that similar interpretations can be made by using 
either approach, although arguments are made in favour of each particular approach 
in some cases (Baxter et al. 2005; Buccianti et al. 2005; Baxter et al. 2006; Buccianti 
2011b; Buccianti 2011a; Buccianti 2013). Suffice to say, both approaches remain 
scientifically acceptable, with traditional approaches remaining commonplace in 
published work. This current study recognizes that there is a need to demonstrate the 
advantages and disadvantages of each approach in future work. Here a combination 
of traditional and mathematical techniques is employed, depending on the problem 
being addressed.  
Multivariate analyses 
Multivariate statistical analyses, such as hierarchical cluster analysis and principal 
component analysis, have been successfully used to assess hydrochemical evolution 
and to interpret the occurrence of hydrochemical facies (e.g. Helena et al. 1999; 
Güler et al. 2002; Thoms et al. 2003; Kebede et al. 2005; Singh et al. 2006b; Templ 
et al. 2008; King et al. 2013). These approaches focus on characterizing 
hydrochemistry in large-data sets by identifying similarities between samples.  
Hierarchical Cluster Analysis (HCA), is a clustering technique that classifies 
observations into groups based on similarity by calculating a “distance” 
measurement between calculated centroids for each sample and then placing each 
sample into one of n groups (Templ et al. 2008). There are a range of distance 
metrics, as well as linkage methods (the technique of grouping samples) that can be 
used, depending on the problem being addressed. In hydrochemical studies the 
squared Euclidean distance, and Ward linkage rule, are commonly applied (Hair et 
al. 2006; Templ et al. 2008; Moya et al. 2015). 
Principal component analysis (PCA) is a type of factor analysis that is commonly 
used in hydrochemical studies in combination with the HCA. It provides an 
additional means of assessing variability within the data set, and helps to explain the 
variability of HCA clusters and/or validate the cluster results (Güler et al. 2002; 
McNeil et al. 2005; Belkhiri et al. 2010; Daughney et al. 2011; Kanade et al. 2011; 
King et al. 2013). The technique condenses the variability within the data matrix into 
a smaller set of n dimensions that are uncorrelated (orthogonal) to each other, called 
principal components (Stetzenbach et al. 1999; Güler et al. 2002; Hair et al. 2006). 
Each principal component is determined by the statistical significance of eigenvalues 
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(a measure of the associated variance) that are calculated from the correlation of 
covariance matrix (Meglen 1992; Stetzenbach et al. 1999; Menció et al. 2008).  The 
influence of different parameters on the variability between principal components is 
shown by the component weights (or loadings), which represent the participation of 
the variables in each principal component (PC). These PC weights for each variable 
(parameter) are used to calculate a PC score for each observation (water sample) for 
any given principal component (Stetzenbach et al. 1999).   
The application of these techniques is broad, but the fundamental techniques remain 
similar. As a result, with appropriate modification, these techniques can be applied to 
data sets that are treated in a traditional sense (use of absolute values and ion ratios) 
or with data sets that are interpreted using mathematical techniques (relative values 
derived from log-ratios) (Templ et al. 2008; Daunis-i-Estadella et al. 2011).  
2.1.2 Applying the fundamental science of hydrochemical processes 
Generally, fundamental hydrochemical processes and phenomenon are well 
understood and described using basic principles of chemical equilibrium and mineral 
solubility. For chemical reactions the law of mass action states that the distribution of 
reactants and products of any particular reaction is defined by the equilibrium 
constant, K, where: 
(2.1)       K = 
[C] [D]
[A] [B]
    
   
where, [A] and [B] are reactants, and [C] and [D] are the products in a reaction 
pathway. For the dissolution of solids in water, the reaction pathway can be 
simplified as: 
(2.2)          [AB]solid → [A](aq) + [B](aq) 
When a system is at equilibrium, i.e. when the rate of dissolution = the rate of 
precipitation, the equilibrium constant defines the solubility product, such that, at a 
given temperature: 
(2.3)             Ksp = [A](aq) · [B](aq) 
where [A] and [B] are the activities, or the effective concentration (which accounts 
for the influence of the ionic strength of the water as well as the effect that 
interactions between ions and H2O has on the ion concentration) (Appelo et al. 
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2010). This state of equilibrium is generally theoretical, and in reality is not a typical 
phenomenon because natural systems tend to be dynamic, but the equilibrium 
constant and the law of mass action forms the basis by which further hydrochemical 
and biogeochemical processes can be assessed.  
A typical application of the mass action law and associated equilibrium constants is 
their use in thermodynamic calculations. For any given reaction, the potential for this 
reaction to occur can be determined by calculating the change in Gibbs free energy 
values (Go) for particular reaction pathways. At a given temperature the Gibbs free 
energy values of any reaction can be calculate using:  
(2.4)     Go = H - TS    
   
where H is the change in enthalpy and S is the change in entropy for each 
reaction, and T is the temperature in Kelvin for each sample. Enthalpy and entropy 
values for specific reactions can be derived from previous experimental work, e.g. 
Stumm and Morgan (1996). Changes in Gibbs Free Energy (G) can then be 
calculated using:  
(2.5)     G = Go + RT ln Q    
  
Where R is the universal gas constant, T is the temperature in Kelvin and Q is the 
reaction quotient for each reaction. The reaction quotient, Q, is defined as the ratio of 
reactants to products using Eq. (2.1), such that at equilibrium Q = K = the 
equilibrium constant. Where Q = K, the system is considered to be in equilibrium (no 
reaction will proceed). The relationship between Q and K is such that when G 
values < 0 there are more reactants than products, and the reaction under the 
specified conditions in the system will proceed (the reaction is spontaneous), and 
where G values = 0 the system is at equilibrium (no reaction will proceed); and 
where G values < 0 there are more products than reactants, and the reaction may 
reverse (if kinetically possible) (Appelo et al. 2010).  
Under equilibrium conditions the law of mass action and Ksp (Eq. 2.3) represents the 
Ion Activity Product (IAP). The ratio of the IAP to the Ksp therefore can be used to 
calculate the saturation index (SI) using Eq (2.4) (Appelo et al. 2010). 
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(2.4)            SI = log(IAP/K) 
Saturation indices can be used to describe key dissolution and precipitation processes 
in groundwater, where SI > 0 indicates saturation (resulting in precipitation), SI~0 
indicates the system is near equilibrium (zero or limited precipitation/dissolution), 
and SI < 0 indicates sub-saturation (where dissolution is likely to proceed) (Appelo et 
al. 2010).  
Obviously inter-aquifer mixing has the ability to complicate hydrochemical 
processes by introducing reactants that have the ability to cause a shift in 
hydrochemistry, such as the mixing of saline water with freshwater, or the 
introduction of CO2 to waters where it has been depleted. Hydrochemical conditions 
at aquifer/aquitard interfaces also have the ability to produce mixing zones that 
favour microbial activity, which can ultimately enhance biochemical reactions such 
as O2 reduction, denitrification and the reduction of Fe, SO4 and CO2 during 
methanogenesis (McMahon 2001). By applying the law of mass action and our 
understanding of equilibrium constants and thermodynamic responses, the 
contribution of specific processes within a hydrochemical system can be described. 
This forms a necessary step in interpreting hydrochemical data subsequent to the 
characterization of hydrochemical facies or water types.  
2.1.3 Weathering processes 
In groundwater systems the weathering of minerals such as (e.g. salts, clays, silicate 
minerals and carbonates) depends on the law of mass action and thermodynamic 
conditions. Dissolution will proceed where conditions are favourable, and this will 
depend on the solubility controls of different minerals. Generally, salts (e.g. halite 
and gypsum) and carbonates (calcite and dolomite) are more soluble than silicate 
minerals such as plagioclase. Due to high solubility of CO2 in groundwater and its 
influence on pH, the carbonate system has a profound influence on groundwater 
hydrochemistry (Appelo et al. 2010). The dissolution of CO2  in water creates 
carbonic acid (Eq. 2.5) which generally disassociates to from HCO3, the dominant 
carbonate ion at pH 7-10 (Appelo et al. 2010).  
(2.5)  CO2(g) → CO2(aq) → CO2(aq) + H2O → H2CO3 
In open systems the continual cycling of CO2 via mineral, CO2 dissolution and 
biological processes keep CO2 in supply and the partial pressure of CO2 therefore 
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remains ~constant. In systems that are closed to the atmosphere the consumption of 
CO2, for example during calcite dissolution (Eq. 2.6), is not replenished and 
additions of CO2 to the system can be slow due to low diffusion rates of CO2 to the 
groundwater (Appelo et al. 2010).  
(2.6)  CO2(aq) + H2O + CaCO3 → Ca
2+ 
+ 2HCO3
- 
This results in a different response to CO2 consumption in different environments; 
however, in aquifers with a source of organic matters, e.g. coal in coal seams, CO2 
can continue to be produced via the degradation of this organic matter, and where the 
deposit of organic matter is large enough, this can result in distinct hydrochemical 
responses. This CO2 can then stimulate new reactions, such as calcite dissolution via 
Eq. (2.6), or it may stimulate calcite precipitation (the reverse of Eq. 2.6) if saturation 
conditions are reached.  
While the influence of the carbonate system on groundwater is significant, other 
weathering processes can also influence hydrochemistry. While silicate weathering is 
much slower than carbonate weathering both reactions can result in similar 
hydrochemical responses, which can mean specific processes may be inconspicuous. 
For example, the weathering of albite (sodic plagioclase) to kaolinite (Eq. 2.7) can 
produced the same amount of HCO3 as the weathering of calcite (Eq. 2.6).  
(2.7)  2NaAlSi3O8 + 2H2CO3 + 9H2O → Al2Si2O5(OH)4 + 2Na+ + 2HCO3
-
 + 
4H4SiO4  
(Appelo et al. 2010) 
The weathering of silicate minerals is controlled by reaction kinetics that result in 
different weathering rates for different minerals. Silicate weathering can be further 
complicated by incongruent weathering processes, which result in the formation of 
secondary clay minerals following a weathering reaction. Under different conditions, 
the incongruent weathering of the same mineral to different incongruent mineral 
weathering products, or alternatively, the weathering of different primary silicates to 
the same incongruent weathering products, can both result in different hydrochemical 
responses (Garrels Robert et al. 1967; Garrels et al. 1971; Hem 1985). This 
complexity creates some hydrochemical ambiguity with regards to the origins of 
particular hydrochemical facies because the resultant dominance of ions could reflect 
a range of processes and pathways. For example, Na-HCO3 water types can be 
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distinct in aquifer environments, but they can evolve via a number of different 
processes, such as carbonate weathering, cation exchange and kaolinite saturation 
(Venturelli et al. 2003; Chae et al. 2006). Understanding the influence of this 
complexity on hydrochemistry is especially important when working at large scales 
and/or with large data sets, particularly in studies that consider interactions between a 
range of aquifer types. The challenge, then, is to be able to make meaningful 
assessments and interpretations, and to identify discrete characteristics of aquifer 
hydrochemistry that can be used as unique indicators of specific processes or water 
sources.  
2.1.4 Conservative ions and their application as tracers in groundwater studies 
Conservative ions are ions whose behaviour is conservative with respect to 
weathering reactions: they tend not to be involved in complex weathering reactions 
and once in solution they tend to stay dissolved. Chloride (Cl) and bromide (Br) are 
typically described as conservative ions. As a result they are sometimes employed as 
environmental tracers to assess the movement and origins of water. Chloride mass 
balance equations are a typical example (Murphy et al. 1996; Wood 1999; Subyani 
2004; Gee et al. 2005). These techniques require a flow path to be described in order 
to build in appropriate constraints, yet describing these pathways with confidence 
may be difficult in complex hydrogeological settings, especially when making 
assessments at the regional scale.  
Another approach involves the use of Cl/Br ratios. Different sources of water can 
exhibit different partitioning of the Cl and Br ions in solution. The Cl/Br ratio 
technique has been applied with success in a range of studies, including describing 
recharge variability, to identify potable water sources, to investigate potential 
contamination from septic tanks and to understand sources of salinity and mixing 
with saline end members such as brines (Kesler et al. 1996; Davis et al. 1998; 
Cartwright et al. 2006; Alcalá et al. 2008; Katz et al. 2011). However, the 
partitioning of Cl and Br ions generally only occurs under specific circumstances, 
such as in rainfall or oceanic water, or during halite precipitation and dissolution 
(Davis et al. 1998; Edmunds 2001; Kloppmann et al. 2001; Cartwright et al. 2004). 
As a result, in circumstances where the water source is removed from recent recharge 
contributions, such as in deeper aquifer environments, and/or where the origins of 
water are similar, the Cl/Br ratios may also be similar. 
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An alternative ion that could be used as a conservative tracer is lithium (Li). Lithium 
(Li) is a rare alkali-metal with a mono-valent charge, similar to sodium but lighter, 
with a smaller ionic radius; it does not form low solubility weathering products and it 
is poorly adsorbed on common ion-exchange minerals (Hem 1985). As a result, 
when Li is weathered into solution it tends to remain dissolved, therefore giving it 
conservative properties (Hem 1985). In comparison to major and minor ions, 
including Br, this element is typically found in trace amounts, with high 
concentrations of Li only found in brines. Subsequently, any contribution of Li 
dissolution from Li-bearing minerals in groundwater is likely to be hydrochemically 
conspicuous.  
The behaviour and sources of lithium in groundwater means it can be an effective 
indicator of weathering and residence time, especially when comparing 
hydrochemistry between aquifers that have different lithology. For example, Carillo-
Rivera et al. (2002) used lithium and fluoride in combination with sodium and 
temperature data to identify deep groundwater types; fluorite saturation indices and 
lithium concentrations to identify solubility controls; and relationships between 
fluoride and lithium concentrations to detect groundwater mixing. However, despite 
these conservative properties the application of Li as a tracer in groundwater studies 
is rare, and has only been used in a handful of cases (Murray et al. 1981; Wrenn et al. 
1997; Carrillo-Rivera et al. 2002; Kszos et al. 2003; Richards et al. 2015). Li 
especially shows promise as a tool in coal seam gas studies because coal is known to 
be a source of Li (Seredin et al. 2013; Qin et al. 2015), but there are no reports of it 
being applied to coal- or coal seam gas-related studies.  
2.1.5 Hydrochemistry of coal seam gas groundwater   
Van Voast (2003) provided some important seminal work on the hydrochemistry of 
coal seam gas (or coalbed methane) groundwater using production water data from 
the USA. This work made a number of important distinctions regarding 
hydrochemical signatures of coal seam gas groundwater, including:  
 HCO3 enrichment (associated with sulfate reduction);  
 SO4 reduction associated with biogenic methane production (if dissolved 
sulfate exceeds ~500mg/L, coal seams are unlikely to contain methane); 
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depletion (precipitation) of Ca and Mg (due to reduced solubility associated with 
increases in HCO3). 
Since this work there have been numerous studies that have confirmed the Na-HCO3 
or Na-HCO3-Cl water type, with some variability in the relative proportion of these 
major ions, as well as some anomalies in Ca and Mg concentration being observed, 
but not explored (Grossman et al. 1989; Harrison et al. 2000; Taulis et al. 2007; 
Kinnon et al. 2010; Papendick et al. 2011; Hamawand et al. 2013). 
2.2 ENVIRONMENTAL ISOTOPES  
Stable, radiogenic and radioactive isotope analyses are routinely employed in 
hydrogeology to investigate characteristics such as groundwater age, residence time, 
flow paths and recharge. Moreover, isotope hydrology provides a robust data set to 
compliment geological and hydrochemical results (Clark and Fritz, 1997; Terwey, 
1997). 
2.2.1 Stable isotopes 
The fractionation of stable isotopes under certain conditions offers insight into a 
range of processes. Typically, light isotopes are preferred in processes such as 
biological reactions, or under diffusion scenarios, and heavy isotopes tend to be 
released during weathering or preference in consumptive reactions, e.g. the formation 
of molecules. The fractionation effect of any stable isotope depends on the isotope 
and the conditions. The δ isotope values are typical calculated by referring to a 
reference value, using:  
(2.8)    𝛿 =  (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒
𝑅𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
−  1) ×  1000 ‰    
Stable isotopes of hydrogen and oxygen in water 
The stable isotopes of oxygen and hydrogen in water (δ2H-H2O and δ
18
O-H2O) are 
routinely employed in hydrochemical studies: they offer insights into the origins and 
sources of water. In the atmosphere both isotopes are depleted with elevation, 
resulting in distinct signatures of rainfall. As a result, where sufficient data is 
available, trends between δ2H-H2O and δ
18
O-H2O can be defined (e.g. global or local 
meteoric water lines). The empirical linear relationship between δ2H-H2O and δ
18
O-
H2O is called the Global Meteroic Water Line (GMWL) and is defined by: 
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(2.9)     δ2H-H2O = 8 · δ
18
O-H2O + 10 
Cross plots of δ2H-H2O and δ
18
O-H2O can then be used to display these trend line 
and compare field data to the local and global meteoric water lines (Clark et al. 
1997). This can provide a useful means of interpreting water origins, including 
seasonality and climate during deposition (Gat 1996; Clark et al. 1997). Generally, 
the dominant fractionation effects on δ2H-H2O and δ
18
O-H2O in groundwater are 
evaporation, filtration in clay membranes, and the interaction with clay minerals (Gat 
1996). Moreover, the dominant fractionation process in shallow, low-temperature 
environments is evaporation, which results in enrichment of both δ2H-H2O and δ
18
O-
H2O, causing distinct deviations from the meteoric water lines.  
A useful conversion of δ2H-H2O and δ
18
O-H2O is the calculation of d-excess, which 
is defined as (Dansgaard 1964):  
(2.10)    d-excess =  δ2H-H2O - 8 · δ
18
O-H2O 
The d-excess can be a useful parameter as it removes the correlation between the two 
isotopes, and it can be used to distinguish between evaporation and transpiration 
processes (Huang 1975). The relatively large fractionations at the water-atmosphere 
interface and in the atmosphere, when compared to smaller fractionations in the 
subsurface, mean δ2H-H2O and δ
18
O-H2O are also useful for interpreting 
palaeoclimatology (Gat 1996). Overall, δ2H-H2O and δ
18
O-H2O are typical analyses 
performed in hydrochemical studies and are used for a range of purposes (e.g. 
Małoszewski et al. 1983; Rozanski 1985; Sharma et al. 1985; Barnes et al. 1988; Das 
et al. 1988; Thorburn et al. 1993; Becker et al. 2001; Meredith et al. 2009; Duvert et 
al. 2015b). In general, these isotopes are combined with other isotopes and 
hydrochemical tracers to build a case for evidence of a particular process. For 
example, under a potential mixing scenario similar stable isotope signatures in two 
aquifers may be indicative of mixing, or it may be the result of similar depositional 
sources of water.  
Stable isotopes of lithium  
Being the smallest alkali metal, lithium has a low atomic weight, resulting in a large 
relative mass difference between the two stable isotopes of lithium, 
6
Li and 
7
Li. This 
creates the potential for a high degree of isotopic fractionation during different 
hydrochemical processes (Huh etal., 1998; Hogan and Blum, 2003; Huh et al., 2004). 
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Differences in the lithium isotope fractionation between basalts and granites have 
been observed under laboratory conditions, with basalts showing no fractionation 
during partial dissolution, but a significant fractionation of granites under similar 
conditions (Pistiner and Henderson, 2003). These results were attributed to the 
differences in isotopic composition between the parent rocks, and/or the dissolution 
of secondary clay minerals from the more evolved granite rock.  
The work of Huh et al (2004) found the leaching of 
7
Li and preferential retention of 
6Li during weathering of basalt soils in Hawaii. Kisakűrek et al. (2005) found that 
fractionation of lithium isotopes between dissolved and suspended loads were lower 
in lowland Himalayan rivers where weathering was more intense. Millot et al. (2010) 
found that the enrichment of δ7Li in the dissolved load was highest when the 
incorporation of lithium into secondary mineral phases was low, and attributed this to 
the mixing of two surface waters that were enriched in δ 7Li by two different 
catchment-specific process: the precipitation of oxyhydroxide phases, and the 
incorporation of lithium into clay minerals. Hogan and Blum (2003) identified 
lithium and boron isotope end members for a range of groundwater types including 
freshwater, seawater, landfill leachate and a mixing zone, and proposed that the 
isotopic fractionation was potentially a consequence of ion exchange reactions. More 
recently, Négrel et al (2012) coupled lithium isotopes with boron and strontium 
isotopes to investigate heterogeneity and inter-connectivity of aquifers in south-west 
France. Meredith et al (2013) used lithium and boron isotopes to identify a deep and 
older groundwater type in the Murray-Darling Basin, Australia, where the use of 
other isotopes alone, such as strontium isotopes, was insufficient. 
A major challenge for the investigation into connectivity between the Condamine 
alluvium and adjacent aquifers is that the ability to define isotope signatures of 
groundwaters of different aquifers is limited. This is due to similarities in lithologies 
of sedimentary bedrock units, undefined transition zones between the alluvium and 
bedrock, and the absence of distinct strontium isotope signatures between the basalts 
and Walloon Coal Measures (Raiber pers. comm, 2013). The use of lithium isotopes 
is proposed to overcome some of these challenges.  
In addition, δ7Li shows promise as an effective aquifer connectivity indicator in 
settings where methanogenesis is occurring because lithium isotopes do not undergo 
fractionation at redox or pH conditions, or under biologically mediated processes 
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(Tang et al. 2007; Négrel et al. 2012; Meredith et al. 2013). The fractionation of 
lithium isotopes in clays and brines has allowed δ7Li in production waters from oil 
and gas producing wells in shale and shale-bearing sedimentary basins to be 
successfully applied to investigate fluid migration and the origin of brines (Chan et 
al. 2002; Macpherson et al. 2014; Warner et al. 2014). However, to date no work has 
been performed on lithium isotopes in coal seams. 
Stable isotopes of chlorine 
The stable isotopes of chlorine are known to fractionate via two main processes in 
aquifers: 1) diffusion (the preferential transportation of the lighter 
35
Cl isotope – 
depletion of δ37Cl along a diffusion pathway; 2) the repulsion of the lighter 35Cl 
isotope via ion filtration – enrichment of the δ37Cl after passing through a membrane 
(e.g. clay lenses) (Desaulniers et al. 1986; Kaufmann et al. 1988; Eggenkamp et al. 
1994; Hendry et al. 2000; Coleman 2004). While evaporation and halite precipitation 
can also effect the δ37Cl (Luo et al. 2012), under wetting and drying conditions in 
aquifers where there are no brines, and where salts form in dry periods and are 
flushed again in wetter periods, the fractionation of δ37Cl associated with halite 
precipitation-dissolution cycles should not result in a net change in the δ37Cl 
(Kaufmann et al. 1988).  
Relative to other stable isotopes that are routinely employed in hydrogeological 
studies, the fractionation range of δ37Cl is small, typically ~ -2‰ to 2‰. These stable 
isotopes were selected because previous studies have proposed that changes in Cl 
concentrations in the deep alluvium may be indicative of interactions between the 
coal measures to the alluvium. While the fractionation range for these stable isotopes 
is small, a distinct Cl migration pathway associated with diffusion or the migration of 
solutes through the clayey transition zone should result in an obvious and 
measureable change in δ37Cl. 
Stable isotopes of carbon 
Carbon has two stable isotopes that are readily measured in the environment: 
12
C and 
13
C. The fractionation of these stable isotopes is typically presented as δ13C-DIC: 
where DIC refers to the dissolved inorganic carbon component in water. This DIC 
component represents the carbon speciation that is present in the dissolved state, 
including HCO3 and CO3 and CO2; these elements are ultimately influenced by the 
carbon cycle, including carbonate weathering and solubility (see section 2.1.3) as 
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well as biological reactions. As a result  δ13C-DIC can exhibit a large fractionation 
range in nature (Clark et al. 1997). In the Condamine alluvium and the Walloon Coal 
Measures, where carbonate dissolution and precipitation and methanogenesis is 
anticipated, the δ13C-DIC fractionation can be expected to be large. However, the 
effects of methanogenesis on δ13C-DIC typically create a distinct enrichment. In 
CSG reservoirs high rates of methanogenesis can lead to unusually high and positive 
δ13C-DIC, which has been shown to be an effective tracer of CSG production water 
(Sharma et al. 2008). This phenomenon is exploited in this study to better understand 
methanogenic activity (see section 2.3 for more details on the carbon and hydrogen 
isotopes of CH4). 
2.2.2 Radio isotopes 
Radio isotopes are isotopes with unstable nuclei and which consequently are 
undergoing radioactive decay. Measuring this decay gives an indication of the age of 
the element. In hydrogeological studies, two common age-tracers are employed: 
tritium (
3
H) and radio carbon (
14
C).  
Tritium 
Tritium is a short-lived hydrogen isotope produced in the upper atmosphere and 
typically reaches the hydrosphere via precipitation. In the southern hemisphere 
remnant tritium from the hydrogen bomb peak (1960s) are now at levels well below 
modern rainfall, and as a result in this part of the globe tritium provides an indicator 
of the age of recharge water (Morgenstern et al. 2012). It has a half-life of ~12.43 
years and therefore is not effective at estimating ages beyond ~100 years (Clark et al. 
1997). Tritium is reported in absolute values, termed tritium units (TU), where one 
TU is equal to one trium atom per 10
18
 atoms of hydrogen (Clark et al. 1997).  
Radio carbon 
In contrast to tritium, radio carbon (
14
C) has a relatively long half-life (~5730 years), 
and can therefore be used to estimate older groundwater (up to 50,000 years). This 
radioactive isotope is continually produced in the atmosphere via reactions between 
cosmic rays and 
14
N and it can enter groundwater via CO2 dissolution and/or the 
transport of carbon from the soil (Clark et al. 1997; Kendall et al. 2004). However, 
older carbon or “dead” carbon, derived from contributions from older carbon sources 
such as carbonate and fossil carbon deposits, can be included in the DIC component 
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of groundwater. Often this is influenced by microbial reactions. As a result, 
14
C can 
be an ambiguous groundwater tracer, although where flow paths can be adequately 
defined and carbon sources appropriately estimated corrections for biological 
processes such as methanogenesis can be made (Wassenaar et al. 1991; Aravena et 
al. 1993; Clark et al. 1997). In any case, the activity of 
14
C may offer a broad 
indication of how “open” a system is, with closed systems typically exhibiting lower 
14
C activity. Radio carbon is typically reported as percent modern carbon, which is a 
referenced to a 
14
C standard known as modern carbon (Clark et al. 1997).  
2.2.3 Natural abundances of isotopes used in this study 
Table 2.1 Natural abundances of isotopes used in this study 
Element Isotopes Abundance (%) Half-life (years) 
Hydrogen 1H 99.9885 - 
 2H 0.0115 - 
 3H < 10-17 12.43 
Oxygen 16O 99.76 - 
 17O 0.00038 - 
 18O 0.00205 - 
Carbon 12C 98.9 - 
 13C 1.1 - 
 14C < 10-12 5730 
Chlorine 35Cl 75.5 - 
 37Cl 24.5 - 
Lithium 6Li 7.5 - 
 7Li 92.5 - 
Source: IAEA 
2.3 METHANE IN THE SUBSURFACE 
Methane (CH4) is a ubiquitous substance that occurs in adsorbed, dissolved and free 
gas forms in a range of aquifer, surface water, soil and atmospheric environments (Le 
Mer et al. 2001; Kotelnikova 2002). It represents the reduced form of CO2 and it can 
be produced and consumed under a variety of conditions. In surface waters and the 
shallow subsurface, CH4 production and/or consumption is often mediated by 
microbial processes that are stimulated by changes in redox conditions, availability 
of suitable fermentation substrates and electron acceptors (Cord-Ruwisch et al. 1988; 
Whiticar 1999; Kotelnikova 2002). As a result, understanding how CH4 behaves in 
these environments can provide valuable insights into carbon cycling and sources, 
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changes in redox potential and microbial competition that can be used to describe 
important hydrogeological processes. 
2.3.1 Controls on methanogenesis in aquifers 
The occurrence of biogenic CH4 in groundwater is controlled by activity of other 
reducing organisms, with most other organisms able to out-compete methanogens for 
terminal electron acceptors. There are a number of methanogenic pathways that can 
produce CH4, the most common being CO2-reduction (Eq. 2.8) and acetate 
fermentation (acetoclastic) (Eq. 2.9) methanogenesis.  
(2.11)   4H2 + H
+
 + HCO3
-
 → CH4 +3H2O  CO2 reduction 
 
(2.12)  CH3COO + H2O → CH4 + HCO3
-
  Acetoclastic  
methanogenesis 
  
Generally, CO2 occurs at a faster rate than acetoclastic methanogenesis, which 
requires a fermentation step, which can result in seasonal and temporal fluctuations 
in the dominant pathway in some aquatic environments (Roy et al. 1997; Moura et al. 
2008; Riveros-Iregui et al. 2008). In any case, SO4-reducers will generally out-
compete methanogens, thus resulting in distinct shifts between high SO4 and low 
CH4, to low SO4 and high CH4 in aquatic environments (Whiticar et al. 1986; 
Whiticar 1999; Tsunogai et al. 2002; Chanton et al. 2006; Jakobsen et al. 2007; 
Deusner et al. 2014). This distinct shift occurs because SO4 reducers (Eq. 2.10) are 
better at accessing the terminal electron acceptors required for the reaction pathway.  
(2.13)   4H2 + H
+
 + SO4
2-
 → HS- +4H2O  SO4 reduction 
 
For CO2 reducers, this competition essentially means that access to H2 is restricted, 
with H2 being the rate limiting step for CO2 reduction. As a result, the CO2 reduction 
pathway is thermodynamically favorable at low H2 conditions (Strąpoć et al. 2008b). 
However, acetoclastic methanogens are better at competing with SO4 reducers, than 
CO2-reducers, and may operate at low SO4 concentrations to the point where both 
organisms can co-exist (Stams et al. 2005). Complex interactions between organisms 
involved in acetate turnover, and other biological processes including 
homoacetogenesis, methyltrophic methanogenesis and H2 consumption/production 
occur at the microniche scale (Conrad 2005), resulting in dynamic methanogenic 
processes. In the presence of SO4, CH4 may also be oxidised via Eq. (2.11) 
(2.14)  CH4 + SO4
2-
 → HS
- 
+ HCO3
-
 + H2O Anaerobic oxidation of CH4 (AOM) 
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In addition, clay mineral content has also been shown to influence CH4 
concentrations, with high clay content capable of trapping CH4 (Sass et al. 1994). 
Furthermore, some clays  (e.g. kaolinite) more effectively preserve organic matter 
than others (Oades 1988). 
2.3.2 Stable isotopes of carbon and hydrogen of CH4  
The relative abundance of heavy and light stable isotopes of carbon (
12
C/
13
C) and 
hydrogen (
1
H/
2
H) that comprise CH4 are influenced by certain processes including: 
the type of methanogenic (production) and consumption pathways, transport 
processes such as diffusion and desorption, competition for substrates with other 
reducing organisms (e.g. SO4-reducers) and thermodynamic conditions (Botz et al. 
1996; Conrad 1999; Whiticar 1999; Conrad 2005; Chanton et al. 2006; Strąpoć et al. 
2006; Kinnaman et al. 2007; Xia et al. 2012).  
The use of these isotopes have been particularly successful where a single, common 
source of CH4 occurs and where the transport pathway is well-defined or supported 
by robust conceptual models: examples include the assessment of CH4 transport from 
landfills (Bergamaschi et al. 1998; Liptay et al. 1998; Chanton et al. 1999); the 
movement of CH4 in discrete zones within freshwater and marine sediments (Londry 
et al. 2003; Lin et al. 2014); diffusion (Prinzhofer et al. 1997); the movement of CH4 
to and from wetlands and streams (Moura et al. 2008; Riveros-Iregui et al. 2008); as 
well as inferences about the origins (biogenic versus thermogenic) of CH4 in closed 
hydrocarbon reservoirs (Rice 1993; Rice et al. 2008; Kinnon et al. 2010; Golding et 
al. 2013; Hamilton et al. 2014). However, the range of processes that can influence 
the isotopic fractionation of both δ13C-CH4 and δ
2
H-CH4 can be numerous. 
Furthermore, because CH4 is inherently involved in the carbon cycle, which is often 
complicated, dynamic and manipulated by microbial ecology, isotopic data of CH4 
can be ambiguous. This is particularly the case when interpreting data at larger 
scales, where multiple sources of CH4 exist, where CH4 has potentially moved or 
where thermodynamic conditions change.  
While the information on the complex behaviour of CH4 isotopes is readily available, 
it creates some uncertainty about the value of CH4 isotopes as indicators of broader 
processes, such as fugitive emissions or aquifer connectivity. There is a degree of 
risk associated with overlooking these complexities under these scenarios, 
particularly where a particular process/pathway is assumed to be the dominant 
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influence on isotopic fractionation, or where potential fractionation between source 
and end-point CH4 is ignored. In many cases, the range of δ
13
C-CH4 fractionation for 
a particular process or source overlaps that of other processes or sources. 
When using CH4 and its comprising stable isotopes of carbon and hydrogen in these 
settings, the challenge is to interpret data in a manner that considers the range of 
potential influences on the carbon and hydrogen isotopes. Isotope partitioning is a 
usefule means of doing this, and it involves examining the isotope partitioning 
between the CH4 and DIC phase (for carbon) and H2O phase (for hydrogen). The 
partition of isotopes between phases, e.g. between the dissolved inorganic carbon 
(DIC) and CH4 phase, can be described in a number of ways. For simplicity and 
reproducibility, here the isotope partition is defined as the fractionation factor that is 
simply described by:  
(2.15)     α = 
δX + 1000
δCH4 + 1000
     
       
where δX = δ13C-DIC or δ2H-H2O and δCH4 = the δ
13
C-CH4 or δ
2
H-CH4, 
respectively: such that αDIC-CH4 = the carbon isotope fractionation factor, and αH2O-CH4 
= the hydrogen isotope fractionation factor. Figures 2.2b and 2.2c compare the 
carbon and hydrogen isotopes between the CH4 and DIC or water phases. For carbon 
isotopes, generally higher αDIC-CH4 occur during the CO2 reduction pathway, while 
lower fractionation effects occur during acetoclastic methanogenesis or during CH4 
oxidation. For the hydrogen isotopes, the opposite is true (Whiticar et al. 1986; 
Whiticar 1999; Chanton et al. 2005).  
Another way of expressing the isotope partitioning between two phases is to use a 
Rayleigh equation. The Rayleigh equation describes the relationship between a 
specific isotope in two different phases relevant to a defined reservoir. This reservoir 
may reflect a production process (e.g. CO2 depletion during the CO2 reduction 
pathway) or it may reflect a consumption process (e.g. the oxidation of CH4). The 
Rayleigh equation is defined as:  
(2.16)      R = Ri f 
(α-1)
     
where R = change in isotope fractionation relative to the initial value, Ri = the initial 
isotope delta values, f = the residual reservoir (e.g. of DIC or CH4), and α is the 
fractionation factor (Eq. 2.12). The use of the Rayleigh equation allows simple 
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comparisons of the isotope partitioning as a defined reservoir (e.g. CH4 or CO2) 
changes. Biogenic methanogenesis tends to operate at thermodynamic equilibrium, 
rather than being limited by kinetic controls (Conrad 1999) so this approach is 
considered appropriate here, especially when working at large-scales where multiple 
influences on the isotope fractionation may occur.  
2.3.3 CH4 in coal seams 
As a general rule, most CH4 in coal seam gas reservoirs is a mix of thermogenic and 
biogenic CH4, although biogenic CH4 is typically dominant and associated with 
meteoric recharge (Golding et al. 2013). Isotopic analysis for a range of basins 
around the globe indicates that, CO2 reduction is the dominant biogenic pathway, 
although some acetoclastic methanogenesis at basin margins has been reported for 
some basins in the USA (Flores et al. 2008; Rice et al. 2008; Kinnon et al. 2010; 
Papendick et al. 2011; Golding et al. 2013; Hamilton et al. 2014; Quillinan et al. 
2014).  
Coal is typically the substrate from which biogenic CH4 is generated. Potential coal 
degradation processes and subsequent generation of CO2 include acetate generation 
and release of fermentation products such as H2 and CO2, the anaerobic oxidation of 
aromatic compounds and subsequent production of CO2, followed by  CO2 reduction 
and possibly in combination with, acetoclastic methanogenesis and 
homoacetogenesis (Strąpoć et al. 2008a). However, the exact processes are not well 
known. In the Surat Basin, Australia, culturing experiments indicated that CO2 
reduction pathway was dominant, with small amounts of CH4 generated via methyl-
fermentation processes, and no CH4 generated from acetate substrates (Papendick et 
al. 2011). Additions of HCO3 had no effect on CH4 production but this was explained 
by the fact that H2 is the rate limiting reactant for the CO2 reduction pathway.  
Like in all subsurface systems, there are a range of factors that may affect the carbon 
and hydrogen isotopes of CH4 in coal seams, including biological (production) 
processes, mixing of gases of different origins, consumption (e.g. oxidation) 
processes, and in some cases diffusion of CH4 has led to depleted δ
13
C-CH4 along a 
flow path (Prinzhofer et al. 1997; Strąpoć et al. 2007; Flores et al. 2008; Rice et al. 
2008; Strąpoć et al. 2008b; Hamilton et al. 2014; Baublys et al. 2015). Where the 
CO2 reduction pathway is dominant, the enrichment of δ
13
C-DIC is typical where 
high rates of methanogenesis are occurring, and as a result δ13C-DIC can be a robust 
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indicator of methanogenesis in coal seams and of coal seam gas groundwater 
(Sharma et al. 2008). In some cases the enrichment of δ2H-H2O has also been 
observed in coal seams where high rates of methanogenesis via the CO2 reduction 
pathway are occurring (Clark et al. 1997; Flores et al. 2008; Quillinan et al. 2014).  
Golding et al. (2013) suggested that cross plots of carbon (DIC and CH4) and 
hydrogen (H2O and CH4) isotopes provide a more informative assessment of the gas 
origins than comparisons  δ13C-CH4 and δ
2
H-CH4 alone. In some cases, different 
interpretations of gas origins in the same basin has ensued following different studies 
conducted by different researchers (Flores et al. 2008; Bates et al. 2011). Golding et 
al. (2013) concluded that comprehensive studies are required to address potential 
ambiguity in results. The point made by Golding et al. (2013) is explicitly addressed 
in this current study with respect to the Condamine River catchment, and is extended 
to consider the occurrence of CH4 outside coal seams.   
Previous studies that have concentrated on the origins of CH4 gas in CSG reservoirs 
have addressed the issue of ambiguity associated with complex fractionation effects 
by combining δ13C-CH4 and δ
2
H-CH4 plots with comparisons of hydrocarbon ratios, 
often referred to as the Bernardi parameter (C1/C2+C3+C4) (Prinzhofer et al. 1997; 
Kinnaman et al. 2007; Golding et al. 2013): high C1/C2+C3+C4 ratios are more 
indicative of biogenic origins. Other researchers have used simple mixing diagrams 
between C2/C1 and δ13C-CH4 (Prinzhofer et al. 1997).  
2.3.4 CH4 and δ
13
C-CH4 and δ
2
H-H2O as indicators of interactions with coal 
seam gas-bearing aquifers. 
Recent rapid development of unconventional gas resources such as coal seam gas 
(coal bed methane) or shale gas, have generated interest in the use of carbon and 
hydrogen isotopes of CH4 to assist in understanding the extent of the unconventional 
gas resource and the potential for gas migration within and between aquifers, and the 
nature and extent of these parameters in commercial gas reservoirs. In some parts of 
the USA, such as the Powder River Basin, this work has extended to areas outside 
the gas reservoir, but generally is confined to the coal-bearing aquifer (Flores et al. 
2008; Rice et al. 2008; Quillinan et al. 2014). Isotopic results from these studies 
generally support a shift from acetoclastic methanogenesis in shallow areas at the 
basin margins to high rates of methanogenesis driven by CO2 reduction in deeper 
zones. 
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Some previous research on coal seam gas has used δ13C-CH4 data to imply methane 
leakage to the atmosphere (Maher et al. 2014; Iverach et al. 2015). Other research in 
shale-gas-bearing basins has shown that CH4 can migrate with brines from 
underlying gas-bearing aquifers, but in the absence of hydrocarbon reservoirs it can 
also be generated in-situ (Hansen et al. 2001; Aravena et al. 2003; Osborn et al. 
2011; McIntosh et al. 2014).  
Measurement of carbon and hydrogen isotopes provides a potential tool for 
researchers and industry alike to investigate the potential movement of CH4 from 
coal seam gas reservoirs, but in order to be effective, these studies must address the 
complexity of processes which influence these isotopes within and between aquifers. 
As a result, there is a need for scientific discussion on the suitability and limits of 
these isotopes when addressing issues related to coal seam gas at basin or catchment 
scales. 
2.4 IMPLICATIONS AND DERIVED RESEARCH QUESTIONS 
The literature review presented above highlights that there are a range of 
hydrochemical and isotopic parameters available to apply to aquifer connectivity 
studies. However, there are two main challenges of using hydrochemistry and 
isotopes in aquifer connectivity studies that can be inferred from this review: a) The 
ability to accurately characterise hydrochemical and isotopic end members; and b) 
The ability for different hydrochemical, gas and isotopic parameters to provide 
meaningful interpretations of aquifer interactions, particularly where biological 
processes are occurring. These are broad scientific issues that are globally relevant to 
hydrogeological research associated with the characterisation of aquifer 
hydrochemistry and aquifer connectivity. In order to address these challenges in the 
context of understanding aquifer interactions associated with unconventional gas, 
there is a need for basin- and/or catchment-scale studies in areas where coal seam gas 
resources are being exploited and where potential aquifer connectivity is a water 
resource management issue.  
This study will address these challenges using the aquifers in the upper-mid section 
of the Condamine River catchment, south east Queensland, Australia, as a case 
study. There are two primary aims of this study:  
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1. To characterise the influences on hydrochemical and isotope hydrology, 
including the occurrence of CH4, within the Condamine River alluvium and 
the Walloon Coal Measures aquifers; and 
2. To test the effectiveness of a range of hydrochemical and isotopic parameters 
as tools for assessing hydrogeological processes within and between the 
Condamine River alluvium and the Walloon Coal Measure aquifers.  
The objective of each chapter presented in this thesis is to answer specific research 
questions pertaining to these aims. These research questions can be summarised into 
two main components: A) hydrochemical characterisation and assessment; and B) 
use and effectiveness of specific gas and solute parameters for understanding aquifer 
connectivity. These are detailed for each chapter as follows:  
Chapter 4 – Hydrochemistry of coal seam gas groundwater  
Research questions 
What are the relationships between major ions in the coal seam gas groundwater of 
the study area? 
Which hydrogeochemical processes can be derived from these relationships? 
Chapter 5 – Hydrochemistry within and between alluvial aquifers  
Research questions 
What are the major controls on alluvial hydrochemistry? 
What is the extent of the occurrence of Na-HCO3 water types and can this be used to 
infer relationships with the coal measures aquifer? 
What is the distribution and extent of salinity in the alluvial aquifer and does this 
indicate relationships between the alluvium and the coal measures? 
Can suitable end members be described that allow assessments of alluvial-coal 
measure interactions to be assessed? 
Chapter 6 – Developing robust methods for delineating CSG water types  
Research questions 
What are the major hydrochemical controls on CSG groundwater, and do they evolve 
via universal pathways?  
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How does CSG hydrochemistry in the Surat and Clarence-Moreton basins compare 
to CSG hydrochemistry from other basins? 
Are there relationships between major ions (observed in Chapter 4) that can be used 
to build a more robust classification of this CSG end member? 
Following from 3): can this alternative classification be used to delineate CSG 
groundwater from other Na-HCO3 water types in the bedrock aquifers? 
Can these alternative classifications of CSG hydrochemistry be used as an indicator 
of pathways related to methanogenesis or to infer areas of high concentrations of 
CH4 gas? 
Chapter 7 – The nature and extent of CH4 within and between the coal measure and 
alluvial aquifers  
Research questions 
Is there evidence of CH4 in the alluvial aquifers? 
What are the major controls on CH4 in the coal measures and alluvial aquifers? 
What is the value of the CH4 and the associated stable isotopes of carbon and 
hydrogen in assessing interactions between coal measure and adjacent aquifers? 
Chapter 8 – Multi-isotope and conservative ion tracers for understanding solute 
transport within and between aquifers  
Research questions 
What are the origins of water and Cl within alluvial and coal measure aquifers? 
Can robust isotope and/or conservative ion end members of the alluvial and coal 
measure aquifers be defined? 
What is the value of Li and the stable isotopes of Li in delineating groundwater from 
coal seam gas-bearing and surrounding aquifers? 
What is the most effective isotopic and/or hydrochemical tool for delineating 
between these aquifers and/or understanding aquifer interactions? 
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2.5 LIMITATIONS AND CONSTRAINTS OF THIS STUDY 
This study is limited by the groundwater resource infrastructure available for 
conducting sampling in the study area. While there are thousands of registered wells 
in the catchment, some wells have been decommissioned since registration. 
Furthermore, some wells may have degraded due to age or infrastructure damage, or 
may be located in unsuitable positions (e.g. next to a new ring tank (water storage 
dam)). In the same context, given the controversy of coal seam gas, the study is also 
limited by the ability to gain access to privately-owned wells for sampling. Similarly, 
the scale at which this study was conducted, and the heterogeneous nature of the 
aquifers involved required a strategic and informed approach to sampling to avoid 
random bias.  
The following steps were taken to address these constraints:  
i. The government data base of registered wells was purchased and revised. 
218,000 database entries were manually checked: i) to ensure correct aquifer 
assignment; and ii) remove wells that are potentially screened across aquifer 
boundaries. Wells with multiple pipes in the same drill hole and with screens 
> 10 m in the alluvium were removed; 
ii. A survey of existing and suitable wells of the Condamine River catchment 
was performed, including identifying landholders willing to participate in the 
study by allowing their wells to be sampled; 
iii. A strategic monitoring program was designed, following the hydrochemical 
assessment performed in Chapters 4, 5 and 6, to ensure: the sampling regime 
targeted areas of likely connectivity, allowed end members to be defined and 
provided suitable “controls” to be used for comparative assessment. 
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Chapter 3: Hydrogeological setting 
This study focuses on the Condamine River catchment, a large subcatchment (30,451 
km
2
) in the headwaters of the Murray-Darling Basin in southeast Queensland, 
Australia (Figure 3.1a). The subcatchment overlies two large sedimentary basins, the 
Surat Basin in the west and the Clarence-Moreton Basin in the east (Figure 3.1a): 
both basins contain commercially-viable quantities of coal seam gas resources (CH4) 
in a Jurassic coal-bearing feature, the Walloon Coal Measures (WCM). Firstly, this 
study broadly focuses on the entire catchment in the first component (Chapter 4- 6) 
(Figure 3.1a), and then focuses on the mid-section of this catchment in a subsequent 
phase, between the towns of Cecil Plains and Dalby, where the alluvium directly 
overlies the WCM in Chapters 7-9 (Figures 3.1a and c).  
3.1 GEOLOGICAL BACKGROUND 
The most important sedimentary units considered in this study are (listed as youngest 
to oldest): the Condamine River alluvium (the alluvium); the Kumbarilla Beds 
(consisting of the Springbok Sandstone, Mooga Sandstone, Orallo Formation, 
Gubberamunda Sandstone and Bungil Formation, herein undifferentiated), the 
Walloon Coal Measures (WCM), and the Marburg Subgroup (consisting of the 
Gatton Sandstone and the Koukandowie Formation, herein undifferentiated). These 
bedrock stratigraphic units in the study area were deposited in non-marine, fluvial 
and lacustrine environments and have a variable composition, containing sandstones, 
siltstones, mudstones and coal, with the most abundant coal measures found in the 
WCM (Exon 1976; Cadman et al. 1998). While some marine transgressions are 
inferred in the central-western parts of the Surat Basin during the early Cretaceous 
(Cook et al. 2013), these have not extended to the Condamine catchment.  
The alluvium occurs adjacent to large Neogene alkaline olivine basalt extrusions 
(Main Range Volcanics) to the northeast and outcrops of the WCM and other 
Jurassic sedimentary bedrock of the Surat and Clarence-Moreton basins (Figure 
3.1b). Large remnant alluvial deposits overlie the sedimentary Kumbarilla Beds in 
the west, and colluvial deposits are typical at the base of the basalt extrusions 
(Figures 3.1b and c).  The WCM and Kumbarilla Beds form the major basement 
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feature of the alluvium in the study area (Lane 1979; Huxley 1982). At the bedrock-
alluvial interface an impervious clay layer (termed: the “transition layer”) is 
proposed to limit interaction with the underlying WCM; however, the spatial extent 
of this transition layer is not well known. In some cases, the alluvium has incised the 
WCM by up to 130 m within a palaeovalley (QWC, 2012) (Figure 3.1c).   
The alluvium comprises a heterogeneous mix of gravels, channels of coarse to fine 
sands and mixed layer clays, including smectite and kaolinite, as well as carbonate 
nodules or calcretes, hematite, quartz, feldspars and limonite (Huxley 1982). The 
alluvium reaches a maximum depth of approximately 130 m, but is generally 30 to 
60 m in depth (QWC 2012). Semi-confined conditions exist where clayey sheetwash 
overlies the alluvium (Lane 1979; Huxley 1982; Kelly et al. 2007; QWC 2012). 
Hydraulic conductivity is typically of > 30 m/d upstream of Cecil Plains to < 30 m/d 
downstream (Huxley 1982; Hansen 1999). Since the 1960s, thousands of wells have 
been drilled into the alluvium to support large-scale agriculture (primarily cotton and 
grain crops). Long-term over-extraction led to a decline in aquifer volume, but the 
net extraction rate has been significantly reduced in the last decade through improved 
water resource management policies (Cox et al. 2013; Dafny et al. 2013).  
Mineralogy of the sedimentary deposits show a large degree of heterogeneity; 
however a number of characteristics are common between Jurassic formations 
including the dominance of quartz minerals, and kaolinite clays, and the presence of 
K-feldspars over plagioclase (Grigorescu 2011). Minor minerals include siderite, 
mixed layer clays, chlorite, hematite and siderite (Grigorescu 2011). Carbonate 
deposits are also present in most formations, and have particularly been noted in the 
Kumbarilla Beds (Exon et al. 1972; Grigorescu 2011). In the WCM plagioclase tends 
to be consistently more dominant than K-feldspar, and mixed layer clays of illite and 
smectite can be found in similar amounts as kaolinite (Grigorescu 2011). In some 
shallower formations of the Kumbarilla Beds smectite and illite clays have also been 
noted, and this formation generally has a higher sand content than other sedimentary 
bedrock features in the study area (Grigorescu 2011). Coal deposits are typical in all 
sedimentary bedrock features, but most extensive in the WCM (Exon 1976; Cadman 
et al. 1998).  
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Figure 3.1 Hydrogeological setting and study area, showing a) location of the Condamine River 
catchment and Surat/Clarence-Moreton basins in eastern Australia; b) inset of Condamine River 
catchment (the study area) and outcropping of major geological features; and c) conceptual cross 
section of the Condamine alluvium and adjacent sedimentary features. For a) the basin boundary is 
defined as the Kumbarilla Ridge (Cook et al. 2013; Hamilton et al. 2014 and references therein). For 
c): the land surface and alluvial depth profile is real, as taken from the Condamine Groundwater 
Visualisation System (GVS) (Cox et al. 2013): the outcrops and depth extent of the olivine basalt and 
sedimentary bedrock features have not been mapped in detail and are represented in c) as 
conceptualisations based on b) and existing literature (Lane 1979; Huxley 1982; QWC 2012)  
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3.2 INTERACTIONS BETWEEN THE ALLUVIUM AND SURROUNDING 
AQUIFERS 
Interactions between the WCM and the Condamine River alluvium are poorly 
understood and not well researched. Some connectivity between the two aquifer units 
is expected, at the least in the form of a mixing zone. Inter-aquifer relationships 
between the alluvium and other bed rock units, as well as between bedrock units, 
also have the potential to influence the effect on groundwater resources. However, 
baseline information on connectivity between these aquifers is not available, and 
there is a critical need for robust scientific understanding on inter-aquifer interactions 
to better inform resource management and use decisions.  
Huxley (1982) proposed that the increase in salinity down gradient in the Condamine 
alluvium was the result of continual inputs from recharge sources upstream, and from 
bedrock waters. Hillier (2012) has suggested that the presence of higher EC and TDS 
values in downstream areas can be attributed to the influx from the more saline 
WCM water. The concept is plausible but the sample size is limited and the influence 
of other factors such as mineral dissolution, cation exchange from clays in 
downstream areas and its influence on Na
+
 dissolution, contributions of salts from 
fertilizers, and the influence of the topographic gradient  also needs to be 
investigated. The results of Hiller’s investigation, while questionable, are currently 
being considered in resource management decisions associated with the CSG 
operations in the upper Condamine alluvium and therefore closer scientific 
investigation regarding the proposed findings is warranted.  
The evolution of freshwater to more brackish and sometimes saline water is a typical 
hydrochemical evolution in groundwater, and has been documented in many alluvial 
aquifers (Lloyd 1980; Stuyfzand 1999; Hibbs 2001; Güler et al. 2004; Lorite-Herrera 
et al. 2007). There are certainly other examples where strong correlations between 
Na and Cl have been used to infer mixing from more saline groundwater sources 
(Kebede et al. 2005; Obiefuna et al. 2011). However, in addition to typical Na-Cl 
increases downstream being observed in alluvial aquifers, other studies have also 
suggested that evaporation in alluvial “edges” can also influence salinity (Lloyd 
1980; Hibbs 2001). Higher Na-Cl concentrations on the margins of the Condamine 
alluvium could also be due to a smaller contribution from recharge to this area (KCB 
2010). 
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A noteworthy observation regarding Na and Cl in the Condamine alluvium was 
presented in KCB (2010): it states that a distinct and abrupt change in water types in 
the Condamine alluvium occurred downstream of Oakey Creek (around Dalby), with 
a change from a Ca-Mg-HCO3-Cl dominated water type to a Na-Cl-HCO3 water 
type, and eventually to strong Na-Cl signatures. The KCB report (2010) noted that, 
while hydrochemistry from bores close to the bedrock units suggests mixing is 
occurring in the area downstream of Oakey Creek, the groundwater head gradients 
imply a downward pressure into the bedrock. This inference conflicts with the 
suggestion made by Hillier (2012) that higher Na-Cl concentrations are the result of 
contributions from the WCM. Realistically, there is little evidence to allow definitive 
statements about the origins of Na-Cl water in the alluvium, though contributions 
from the WCM remain a possibility. Other contributing factors could include: a 
reduction in recharge water from upstream reaching downstream areas, due to 
piezometric depression; the potential for increases in clay content in downstream 
areas to influence Ca
+ 
exchange and Na dissolution; and/or for clayey sheetwash 
overlays at the confluence of Oakey Creek to reduce local recharge and promote a 
higher degree of evapotranspiration.  
The results of KCB (2010) show a dominant HCO3 water type, with Ca and Mg 
depletion at alluvial zones where potential WCM discharge into the alluvium was 
proposed. Interestingly, the hydrochemical results presented by KCB (2010) and by 
Hillier (2012) combined suggest that sulfate reduction, HCO3 enrichment and Ca and 
Mg depletion, which is typical in coal seam gas groundwater may also be a 
hydrochemical characteristic of the alluvial aquifers.  
Furthermore, because both the KCB (2010) and by Hillier (2012) reports rely on a 
very limited number of bores, the potential for spatial variation in aquifer 
connectivity may not have been adequately considered. Overall, hydrochemistry 
results regarding connectivity between the Condamine alluvium and WCM to date 
are highly ambiguous. This ambiguity highlights the need to first understand the 
hydrochemical characteristics and evolution of the two adjacent aquifers prior to 
making interpretations about hydrochemical evidence of mixing and/or connectivity. 
It also suggests that using complimentary assessment tools, such as lithology and 
isotope data, and large data sets will improve the ability to assess aquifer 
connectivity and interpret groundwater flow paths and connectivity processes.   
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3.3 COAL SEAM GAS IN THE SURAT AND CLARENCE-MORETON 
BASINS 
Coal seam gas (CSG) reserves in the underlying WCM are a significant economic 
resource and gas production in the study area is focused on areas in the south west 
(underlying the alluvium and Kumbarilla Beds) at depths of ~300-500 m. Previous 
research on CSG from the reservoirs in the Surat Basin indicate that the gas is 
produced predominantly via a biogenic methanogenesis, with CO2-reduction being 
the dominant methanogenic pathway (Draper et al. 2006; Golding et al. 2013; 
Hamilton et al. 2014). The δ13C-CH4 from gas found in production water in the Surat 
Basin is typically between -60‰ and -50‰, although some thermogenic gas found in 
the Clarence-Moreton basin much further south has δ13C-CH4 values as low as -32‰ 
(Smith 1998 ; Draper et al. 2006; Golding et al. 2013; Hamilton et al. 2014; Baublys 
et al. 2015). 
Production of coal seam gas requires large volumes of water to be extracted from the 
coal seam which raises some concerns about aquifer connectivity. While the gas 
reservoir that underlies the Condamine catchment is relatively shallow compared to 
some other areas in the Surat Basin, the commercially viable gas reservoir that 
directly underlies the Condamine catchment are relatively deep (300-500 m) when 
compared to the maximum alluvium depth (130 m). 
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Abstract 
Using a combination of multivariate statistical techniques and the graphical 
assessment of major ion ratios, the influences on hydrochemical variability of coal 
seam gas (or coal bed methane) groundwaters from several sites in the Surat and 
Clarence-Moreton basins in Queensland, Australia, were investigated. Several 
characteristic relationships between major ions were observed: 1) strong positive 
linear correlation between the Na/Cl and alkalinity/Cl ratios; 2) an exponentially 
decaying trend between the Na/Cl and Na/alkalinity ratios; 3) inverse linear 
relationships between increasing chloride concentrations and decreasing pH for high 
salinity groundwaters; and 4) high residual alkalinity for lower salinity waters, and 
an inverse relationship between decreasing residual alkalinity and increasing chloride 
concentrations for more saline waters. The interpretation of the hydrochemical data 
provides invaluable insights into the hydrochemical evolution of coal seam gas 
(CSG) groundwaters that considers both the source of major ions in coals and the 
influence of microbial activity. Elevated chloride and sodium concentrations in more 
saline groundwaters appear to be influenced by organic-bound chlorine held in the 
coal matrix; a sodium and chloride ion source that has largely been neglected in 
previous CSG groundwater studies. However, contrastingly high concentrations of 
bicarbonate in low salinity waters could not be explained, and are possibly associated 
with a number of different factors such as coal degradation, methanogenic processes, 
the evolution of high-bicarbonate NaHCO3 water types earlier on in the evolutionary 
pathway, and variability in gas reservoir characteristics. Using recently published 
data for CSG groundwaters in different basins, the characteristic major ion 
relationships identified for new data presented in this study were also observed in 
other CSG groundwaters from Australia, as well as for those in the Illinois Basin in 
the USA. This observation suggests that where coal maceral content and the 
dominant methanogenic pathway is similar, and where organic-bound chlorine is 
relatively abundant, distinct hydrochemical responses may be observed. 
Comparisons with published data of other NaHCO3 water types in non-CSG 
environments suggest that these characteristic major ion relationships described here 
can: i) serve as an indicator of potential CSG groundwaters in certain coal-bearing 
aquifers that contain methane; and ii) help in the development of strategic sampling 
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programs for CSG exploration and to monitor potential impacts of CSG activities on 
groundwater resources. 
Keywords: coal seam gas (CSG), coal bed methane (CBM), hydrochemical 
indicators, methanogenesis, sodium-bicarbonate groundwaters 
4.1 INTRODUCTION 
Coal seam gas (CSG), or coal-bed methane, is an unconventional gas resource that 
forms, and is contained, within underground coal seams. The hydrochemistry of 
groundwaters within these  coal seams is similar worldwide, being characterised by 
sodium-bicarbonate or sodium-chloride-bicarbonate water types that are depleted in 
calcium and magnesium ions and exhibit highly reduced sulfate concentrations 
(Grossman et al. 1989; Harrison et al. 2000; Van Voast 2003; Kinnon et al. 2010; 
Papendick et al. 2011; Hamawand et al. 2013; Taulis et al. 2013). This simple 
hydrochemistry could be considered a universal signature of coal seam gas (CSG) 
groundwaters; however, there are a range of hydrogeological and microbial processes 
that can influence the evolution of these water types within the coal-bearing 
formations. Furthermore, these groundwater types may also evolve in a number of 
other environments not related to coal seam gas environments (Rengasamy et al. 
1991; Rengasamy et al. 1993; Venturelli et al. 2003; McNeil et al. 2005; Chae et al. 
2006; Rango et al. 2009). As a result, simple descriptions of CSG hydrochemical 
types alone are insufficient as indicators of hydrochemical processes within gas-
bearing coal seams. 
Despite the increasing scientific focus on methanogenic processes within coal seams, 
little attention has been given to the origins of sodium and chloride and their 
relationship with bicarbonate in CSG groundwaters. Understanding the relationships 
between major ions within CSG aquifers allows a more accurate assessment of how 
groundwater hydrochemistry evolves in methane-bearing coal seams. This can 
ultimately assist in addressing a range of resource management challenges, including 
the need to identify simple and cost-effective hydrochemical indicators for gas 
exploration, groundwater monitoring and aquifer connectivity studies, and to develop 
a better understanding of the association of methanogenesis and hydrochemistry.  
Previous work on CSG groundwater hydrochemistry proposed that a number of 
processes control hydrochemistry within CSG coal seams, including the depletion of 
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calcium and magnesium via carbonate precipitation, and the influence of sulfate 
reduction on bicarbonate concentrations (Van Voast 2003). However, the 
relationships between methanogenesis and hydrochemistry can be complex, as it 
involves multiple methanogenic pathways and different hydrochemical triggers and 
responses (Takai 1970; Grossman et al. 1989; Whiticar 1999; Strąpoć et al. 2007; 
Waldron et al. 2007; Flores et al. 2008; Strąpoć et al. 2008a; Strąpoć et al. 2008b; 
Papendick et al. 2011; Strąpoć et al. 2011; Roberts et al. 2014).  In addition to the 
influence of methanogenesis, there is potentially a significant influence on  
groundwater hydrochemistry from the physical, chemical and depositional character 
of the coal seams and coal structure (Caswell et al. 1984b; Huggins et al. 1995; 
Kimura 1998; Yudovich et al. 2006). Yet, despite their potential influence on the 
hydrochemical evolution of groundwater in coal seams, many of these factors have 
not been considered in CSG groundwater studies.  
In the Surat and Clarence-Moreton basins of eastern Australia (Figure 4.1), there has 
been a growing interest over the last decade in exploring and developing 
commercially viable reserves of CSG from the Jurassic sedimentary formation of the 
Walloon Coal Measures (WCM). This study uses multivariate statistical techniques 
combined with simple graphical techniques to explore the hydrochemical evolution 
of groundwaters within the coal measures of the WCM, with a particular focus on the 
origins of sodium, chloride and bicarbonate. The main objectives of this study were 
to: a) investigate the major influences on CSG groundwater hydrochemistry of the 
WCM in areas in the north-east of the Surat and west of Clarence-Moreton basins; b) 
identify simple hydrochemical relationships of CSG groundwaters; and c) explore 
the potential of identifying and applying universal CSG groundwater indicators to 
future groundwater studies. Results are compared to other hydrochemical studies of 
CSG groundwaters, including some recent experimental work on the methanogenesis 
within coal seams in the Surat Basin (Papendick et al. 2011), the Bowen Basin 
(Kinnon et al. 2010), and the Illinois Basin (Strąpoć et al. 2008a). 
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4.2 GEOLOGICAL AND HYDROGEOLOGICAL BACKGROUND 
The Surat and Clarence-Moreton basins form large Mesozoic sedimentary sub-basins 
of the Great Artesian Basin, and extend over areas of approximately 300,000 km
2
 
and 45000 km
2
, respectively in the central southeast of Queensland and the central 
northeast of New South Wales, Australia (Figure 4.1). Fluvial deposition in braided 
streams and swamps was widespread during the Jurassic period, leading to the 
presence of coal in many Jurassic  formations, and resulting in the formation of the 
extensive coal seams of the Walloon Coal Measures (WCM) (Exon 1976; Cook et al. 
2013; Jell et al. 2013). Succession of the WCM occurs across Surat and Clarence-
Moreton basins, with thicknesses up to 700 metres. However, interburden separates 
these mostly thin and discontinuous coal seams,  and accounts for most of the 
sedimentary sequence (~90%) (Scott 2004).  
The WCM comprise sandstones, mudstones, siltstones and multiple coal seams, 
occurring at various depths (Exon 1976; Cook et al. 2013; Jell et al. 2013). Work by 
Jones and Patrick (1981) suggests that the WCM in the northeast of the Surat Basin 
are composed of two distinct coal measures, the upper Juandah Coal Measures, and 
the lower Taroom Coal Measures, which are separated by a third subunit, the 
Tangalooma Sandstone.  Outcrops of the WCM occur in the north and northeast of 
the Surat Basin and in the west of the Clarence-Moreton Basin, and from these areas, 
the sequence dips to the south and southwest, respectively. The WCM underlies the 
Neogene age Main Range Volcanics in the east, and younger sedimentary formations 
such as the Kumbarilla Beds (Surat Basin) or the Orara Formation (Clarence-
Moreton Basin). The WCM overlies the Eurombah Formation, or the Hutton 
Sandstone in the Surat Basin, and the Koukandowie Formation and Gatton Sandstone 
in the Clarence-Moreton Basin.  In the Surat Basin commercial gas reserves are 
confirmed in a zone between 150 and 600 m depth (Day et al. 2006). 
The coal of the WCM is generally a low rank, perhydrous, high-volatile bituminous 
coal type that is low in sulfur, with high vitrinite and liptinite maceral and which 
exhibits a narrow reflectance range (0.35% – 0.7%); these characteristics may vary 
across both basins, but this variability is not associated with spatial patterns (either 
laterally or with depth) (Salehy 1986; Spero 1997; Scott et al. 2007; Day 2009; 
Chaffee et al. 2010). Gas content within these coals can vary both spatially and with 
depth, although coals occurring within the Tangalooma Sandstone or in overlying 
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coal measures have been noted as generally having higher gas gradients (Hamilton et 
al. 2012; Hamilton et al. 2014). Other geological structures are also noted for their 
high gas contents, although large geological structures tend to contain less gas than 
smaller structures, a phenomenon that is not yet fully understood (Cook et al. 2013). 
High methane concentrations of the gas indicates a microbial origin and using 
isotope data some authors have suggested that this biogenic methane has been 
generated predominantly via a CO2 reduction (hydrogenotrophic) pathway (Draper et 
al. 2006; Papendick et al. 2011; Hamilton et al. 2014). Recent stable isotopic 
analyses suggest that the majority of gas in the WCM is generated via 
hydrogenotrophic methanogenesis (Golding et al. 2013; Hamilton et al. 2014).  CSG 
has been produced from the WCM in the Surat Basin since 2006, with most 
production centred around a major anticline, the Undulla Nose, where gas content, 
saturation and permeability are highest (Scott 2004; Scott et al. 2007; Day 2009).  
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Figure 4.1 Location of the Surat and Clarence-Moreton basins in eastern Australia, and coal seam 
field sites of southeast Queensland considered in this study. 
4.3 METHODOLOGY 
4.3.1 Data Sources 
The data set used here comprises water chemistry records for 109 water samples 
from 61 CSG exploration and production wells from field sites (Tipton, Daandine 
and Kogan, Figure 4.1) in the Surat and Clarence-Moreton basins (data provided by 
Arrow Energy). The wells are located in the north-east of the Surat Basin and the 
western part of the Clarence-Moreton Basin, approximately 40 km west and 40 km 
south of Dalby, respectively (see Figure 4.1). The wells are screened in the WCM at 
depths ranging from approximately 300 m and 400 m. In most wells, the screened 
intervals target either the upper (Juandah) and lower (Taroom) coal measures, but in 
some wells there are multiple screens across both coal measures (Table 4.1).  
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Table 4.1. Number of wells and groundwater samples from different coal measures in the WCM 
included in this study. 
 
 
4.3.2 Data preparation and parameter selection 
The following parameters were selected for inclusion in the multivariate statistical 
analysis: specific electrical conductance (EC), pH and the major ions Na
+
, K
+
, Ca
2+
, 
Mg
2+
, HCO3
-
, Cl
-
, SO4
2-
 as well as reactive silica (SiO2) and F
-
. Carbonate (CO3) was 
not included because of its linear relationship with HCO3; however it was used in 
major ion graphical analyses. A primary aim of this study is to focus on the origins 
and behaviour of major ions within CSG formation groundwaters.  In addition to 
major ions, EC and pH were included as standard hydrochemical parameters, and 
fluoride and reactive silica were included to assess if their concentrations may be 
indicative of major hydrochemical processes. Only those records where values for 
the full suite of parameters are available are included in the multivariate statistical 
analysis. Charge balance checks confirmed that all samples are within ±5% of 
electroneutrality.  
All data were log-transformed to improve symmetry prior to analyses. While 
transformation of geochemical data improves normality, hydrochemical data rarely 
follows a normal distribution (Templ et al. 2008). Improving symmetry through log-
transformation is generally standard practice when using multivariate statistics to 
assess hydrochemical data sets; however, a normal distribution of the data is not 
considered critical for the multivariate techniques employed in this study (Meglen 
1992; Templ et al. 2008). The z-standardisation was also used to reduce the amount 
Field site Target seam Total no. wells Total no. samples 
Tipton 31 46
Juandah 19 19
Taroom 9 9
Juandah and Taroom 3 18
Daandine 14 31
Juandah 7 7
Taroom 4 5
Juandah and Taroom 3 19
Kogan 16 32
Juandah 10 10
Taroom 2 2
Juandah and Taroom 4 20
TOTAL 61 109
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of variability between the variables prior to analyses.  All multivariate statistical 
analyses were performed using the software STATGRAPHICS Centurion XVI 
(StatPoint Technologies, Inc. Version 16.2.04).  
4.3.3 Censored data 
With the exception of sulfate, concentrations of all parameters were above detection 
limit for all samples. In total, 72% of sulfate values in the data set were below the 
detection limit (<1 mg/L). Very low sulfate values are typical for CSG groundwaters 
and concentrations around 1 mg/L or less are indicative of strong methanogenic 
conditions. However, a small number of samples within the dataset (~12%) had 
sulfate values > 1mg/L (ranging from 2 mg/L - 48 mg/L), which may be indicative of 
earlier stages of methanogenesis. While small, this variability within the dataset is 
considered significant because of the intrinsic relationship between sulfate reduction 
and methanogenesis. Several authors suggest excluding parameters from the cluster 
analysis when more than 25% of values are below the detection limit (VanTrump Jr 
et al. 1977; Sanford et al. 1993). However, other authors have suggested that the 
removal of data below the detection limit may lead to erroneous results (Helsel 
1990). The omission of sulfate from the data set would inhibit the ability to 
investigate the relationships between the earlier stages of methanogenesis and major 
ion hydrochemistry in this small number of samples.  
A solution was then sought to allow cluster analysis to address this variability, 
without introducing bias or error associated with the inclusion of large numbers of 
values below detection limit. It was concluded that some commonly applied 
techniques for dealing with censored data, such as replacing values with half or 0.55 
of the detection limit (Sanford et al. 1993) may cause artificially low sulfate values, 
which would significantly increase variability within the data set and introduce 
substantial bias, and therefore were not used. Statistical methods to determine 
replacement values (Helsel 1990) were avoided because the data did not follow 
normal distribution. As a result, a decision was made to replace all sulfate values 
below detection limit with 0.9 mg/L. This approach essentially simplified the 
variability of sulfate in the dataset into two categories: 1) 1 mg/L or less (strong 
influence of methanogenesis); and 2) > 1 mg/L (potential earlier stage of 
methanogenesis). This approach was considered appropriate because of the known 
relationships between methanogenesis and sulfate reduction, and because variability 
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in sulfate below 1 mg/L is not relevant to the objectives of this study or to 
methanogenic responses (i.e. at 1 mg/L or less the sulfate is already significantly 
reduced). The small variability of higher sulfate values in the data set could then be 
explored, without creating artificial cluster results based on very low replacement 
sulfate values for those below the detection limit. However, by using this approach 
the ability to describe relationships between sulfate concentrations and 
concentrations of other ions was sacrificed, because the censored data does not 
represent predicted replacement values. Again, this was considered appropriate and 
sufficient for this study.  
This approach was tested by running cluster analyses both with sulfate and without 
sulfate, and the comparison of the outputs did not show significantly contrasting 
statistical results. Future studies considering a similar approach to dealing with 
censored data must consider the implications for their dataset and data analyses, 
including first addressing the appropriateness of other methods for dealing with 
censored data (for examples, see VanTrump Jr et al. 1977; Helsel 1990; Sanford et 
al. 1993; Cloutier et al. 2008; Templ et al. 2008). 
4.3.4 Hierarchical Cluster Analysis 
This study uses Q-mode Hierarchical Cluster Analysis (HCA), a clustering technique 
that classifies observations into groups based on similarity by calculating a 
“distance” measurement between calculated centroids for each sample and then 
placing each sample into one of n groups (Templ et al. 2008). The nearest neighbour 
linkage method was first used to identify data outliers, while Ward’s linkage method 
was applied to determine the final clusters. In both instances, the Squared Euclidean 
distance was used as the distance measurement as recommended by Hair et al. 
(2006). Ward’s linkage rule minimizes within-group variation and generates clusters 
of similar sizes, for which different groups (or subclusters) within each cluster are 
separated by a similar distance measurement. This distance method is commonly 
applied in hydrochemical studies using HCA (Templ et al. 2008; Raiber et al. 2012; 
King et al. 2013). Using the nearest neighbour method, one sample was identified as 
an outlier and was removed from the data set based on its very high sulfate 
concentration of 48 mg/L. 
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4.3.5 Principal Component Analysis 
Principal component analysis (PCA) is a type of factor analysis used to explain the 
variability of a large data set. PCA is commonly used in hydrochemical studies in 
combination with the HCA. It provides an additional means of assessing variability 
within the data set, and helps to explain the variability of HCA clusters and/or 
validate the cluster results (Güler et al. 2002; McNeil et al. 2005; Belkhiri et al. 
2010; Kanade et al. 2011; Raiber et al. 2012; King et al. 2013). The technique 
condenses the variability within the data matrix into a smaller set of n dimensions 
that are uncorrelated (orthogonal) to each other, called principal components 
(Stetzenbach et al. 1999; Güler et al. 2002; Hair et al. 2006). Each principal 
component is determined by the statistical significance of eigenvalues calculated 
from the correlation of covariance matrix. Eigenvalues provide a measure of the 
associated variance between principal components, and as a result, this technique 
does not rely on the data following a normal distribution (Meglen 1992; Stetzenbach 
et al. 1999; Menció et al. 2008).  The Kaiser criterion, which requires that only 
principal components with eigenvalues > 1 are retained, was used to identify the 
principal components of this data set (Kaiser 1960; Thyne et al. 1999).  
The influence of different parameters on the variability between principal 
components is shown by the component weights (or loadings), which represent the 
participation of the variables in each principal component (PC). These PC weights 
for each variable (parameter) are used to calculate a PC score for each observation 
(water sample) for any given principal component (Stetzenbach et al. 1999).  These 
PC scores for each water sample can be plotted on a scatter diagram to visualise the 
influence of each principal component on individual water samples or on 
hydrochemical facies identified in the HCA (Güler et al. 2002). 
4.4 RESULTS AND DISCUSSION 
4.4.1 Hydrochemical facies  
Hydrochemical facies are different water types that can be distinguished from each 
other based on their hydrochemical characteristics.  Such facies therefore represent 
different hydrochemical processes and/or pathways.  In this study, at a high 
separation threshold, two distinct groups (clusters A and B; Figure 4.2) were 
identified using HCA based on the full suite of hydrochemical parameters. The 
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dendrogram and the corresponding median pH, EC and major ion ratios for each 
cluster (Figure 4.2) show that both clusters are comprised of distinct subgroups, 
separated by a similar distance measurement. The hydrochemistry of these 
subclusters (A1 and A2, and B1 and B2) was used to assess within-cluster variability.  
 
Figure 4.2 Hierarchical cluster analysis dendrogram and medians for variables within each cluster.  
By comparing the results of the HCA and PCA, the controls of the variability of 
different hydrochemical facies (corresponding to the clusters) can be assessed. Two 
principal components (PC) with eigenvalues greater than 1 were determined from the 
PCA, with PC1 and PC2 accounting for 71% and 11% of variability within the data 
set, respectively.  
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Figure 4.3 Eigenvalues, percentage of explained variance and component weightings for principal 
components. 
The influence of different parameters on the principal components is represented by 
the component loadings (Figure 4.3), where loadings close to zero have only minimal 
influence. PC1 is characterised by strong negative loadings for all major cations, 
chloride and EC, and positive loadings for pH, bicarbonate and fluoride. PC2 is 
characterised by strong positive loadings for sodium, bicarbonate, fluoride, sulfate 
and silica, and weak positive PC loadings for potassium, calcium and magnesium, 
and strong negative loadings for pH.   
These results allow the grouping of the variability within the data set into two 
categories based on each principal component: 1) variability explained by high 
bicarbonate and pH, and relatively low concentrations of other major ions and EC; 
and 2) variability explained by high bicarbonate and sodium, decreasing pH and 
relatively higher chloride concentrations and EC values.  
Cluster A is distinguished from Cluster B by the variability explained by PC1, while 
the variability of the subgroups within each cluster is explained by PC2 (Figure 
4.4a). The negative PC1 scores of many variables for Cluster B indicates that this 
cluster is represented by samples with relatively higher concentrations of all cations 
and chloride, and consequently, higher EC. The results also indicate that Cluster B is 
represented by samples with relatively low pH. In contrast, positive PC1 scores for 
Cluster A water samples indicate that the parameters which have the strongest 
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influence on the grouping of these water samples into different clusters are 
bicarbonate, fluoride and silica. Low PC loadings for sulfate for PC1 show that this 
parameter explains very little of the variability between cluster groups, while higher 
loadings for PC2 suggest that sulfate may explain some variability within clusters.  
The comparison of principal components and cluster membership (Figure 4.4a) also 
suggests that the subclusters represent minor hydrochemical variability within each 
hydrochemical facies, but do not represent distinct hydrochemical facies. Given the 
strong positive component weights for silica and sulfate for PC2, variations in these 
parameters most likely accounts for most of the within-cluster variability, as small 
but consistent differences between silica and sulfate concentrations exist for the 
subclusters.  
Positive component weights for silica and sodium for PC2 suggest that some of the 
within-cluster variability may be explained by different rates of silicate weathering. 
Interestingly, when silica is removed from the data set, no significant principal 
components (eigenvalues > 1) were generated, suggesting that while silica 
concentrations are comparatively low for all samples in this data set, silica accounts 
for a significant proportion of the between- and within-cluster variability.  
However, when sulfate is excluded from the clustering procedure, the PCA results 
remain similar. The minimal influence of sulfate on the clustering demonstrates that 
the censored data method did not introduce bias to the cluster analyses. Results 
suggest that higher sulfate values occur at higher EC values, which indicates that 
sulfate values > 1 mg/L are probably a function of higher salinity, and not related to 
different methanogenic stages.  
The PCA results also show that two distinct hydrochemical facies occur within the 
WCM in the different Surat/Clarence-Moreton Basin field sites. Groundwaters 
collected from the Tipton and Daandine field sites are mostly assigned to Cluster A, 
while the majority of Cluster B water samples were collected from the Kogan field 
site (Figure 4.4c). This suggests that there are different influences on the 
hydrochemical evolution of groundwater within the WCM at the Kogan field site, 
even though the Kogan and Daandine field sites are located in close proximity of 
each other (Figure 4.1). There appears to be some hydrochemical differentiation 
between Juandah and Taroom coal measures (Figure 4.4b); however the variability in 
PC scores for samples collected from wells with screens across both coal measures 
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suggests that a definitive conclusion on the hydrochemical distinctions between 
individual coal measures cannot be made.  
Some wells were sampled multiple times (see Table 4.1), two of which occurred in 
wells screened across a single coal seam. Statistical results for replicate samples from 
these two wells were almost identical, and therefore did not account for any 
variability for single-coal-seam wells. The remaining replicate samples were taken 
from nine multi-seam wells. Some samples showed a small amount of variability in 
PC2 results, and this variability resulted in replicate samples from five of these wells 
being placed either cluster during the HCA. Some variability of hydrochemistry for 
water samples taken from multi-seam wells could be expected given that the sample 
could come from either or both coal measures. This variability is not considered to 
influence the interpretation of the results presented in this study because each water 
sample is treated individually, and interpretations of hydrochemical variability 
between coal measures were avoided.   
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Figure 4.4 Principal component scores for PC1 and PC2 relative to: a) cluster (and subcluster) 
membership; b) coal measure sample origin; and c) field site. Lines represent the relative matrix 
vector of the component weight for each variable, while the symbols represent the PC scores for each 
water sample relative to PC1 and PC2. 
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4.4.2 Major ion chemistry  
A challenge with investigating CSG groundwaters is that the NaHCO3 and 
NaCl,HCO3 water types that are characteristic for CSG groundwaters represent 
simple ion assemblages that are comprised of a limited range of major ion species. 
Previous research on NaHCO3 groundwaters has demonstrated that a range of 
processes, including cation exchange, silicate weathering, base-exchange softening 
and clay mineral saturation can all play a role in the evolution of NaHCO3 
groundwaters (Venturelli et al. 2003; Chae et al. 2006; Appelo et al. 2010). These 
processes can occur in aquifers not related to CSG, but the influence of coal and 
methanogenesis can also promote the evolution of NaHCO3 groundwaters (Foster 
1950; Grossman et al. 1989; Strąpoć et al. 2008a). In addition to sources of CO2 
and/or bicarbonate, groundwaters associated with coal also typically have high 
chloride concentrations and a number of potential sources of sodium ions, including 
silicate minerals and soluble complexes, exist (Gluskoter et al. 1964; Skipsey 1975; 
Huggins et al. 1995; Kimura 1998; Yudovich et al. 2006). The potentially different 
sources of sodium, bicarbonate and chloride within coal-bearing aquifers, and the 
evolution of these water types in other non-CSG aquifer environments, suggests that 
shifts in the ratios of the cation and anion species could be used to investigate the 
potential influences on the CSG groundwater hydrochemistry.  
Groundwater samples of both clusters follow a strong linear relationship for the 
Na/Cl ratio and the alkalinity/Cl ratios (Figure 4.5a), where alkalinity is defined as 
HCO3 + CO3 (meq/L) (Figure 4.5a). A distinction in the Na/Cl versus alkalinity/Cl 
ratio is evident between Clusters A and B, with generally higher alkalinity of Cluster 
A water samples, and relatively higher concentrations of chloride for Cluster B 
groundwater samples. When the Na/Cl ratio is compared to the Na/alkalinity ratio, 
further differences between clusters 1 and 2 are evident (Figure 4.5b). The 
Na/alkalinity ratio is approximately 1 for Cluster A groundwater samples with high 
Na/Cl ratios, but it increases considerably as the Na/Cl ratio decreases, particularly 
as the Na/Cl ratio approaches 1. In contrast, Cluster B has substantially higher 
Na/alkalinity ratios than Cluster A groundwater samples. Overall, however, there 
appears to be little variability between subclusters (Figures 4.5a and b). 
The high Na/Cl ratios and low Na/alkalinity ratios for Cluster A show that at lower 
salinities, the release of sodium is associated with higher bicarbonate concentrations. 
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The distinction of Na/Cl ratios between clusters 1 and 2 indicates that there are likely 
to be different sources of sodium and chloride within the coal seams, particularly for 
groundwater samples collected from the Kogan CSG field, which are predominantly 
assigned to Cluster B.  
 
Figure 4.5 Na/Cl ratios versus (a) alkalinity/Cl ratios; and (b) Na/alkalinity ratios for HCA clusters 
and cluster subgroups. All ratios are based on ion concentrations expressed in meq/L. Alkalinity is 
defined as HCO3 + CO3. 
 
Figure 4.6  Fluoride concentrations versus (a) alkalinity, where alkalinity is defined as HCO3 + CO3; 
and (b) total concentrations of calcium and magnesium for HCA clusters and subclusters.  
 
Figure 4.7 Chloride concentrations versus (a) pH; and (b) Na + K / Ca + Mg ratios (based on ion 
concentrations expressed in meq/L) for HCA clusters and cluster subgroups. 
 
The variability of major ion hydrochemistry reflects the range of influences on 
hydrochemistry within the WCM coal seams. Overall, the rates of the increase in 
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sodium and chloride are not proportionate to each other (Figures 4.5a and b), 
suggesting that evapotranspiration is probably not the main driver of the increases in 
chloride or sodium concentrations. Further analysis of the relationships between ion 
concentrations (outlined below) reveals that these shifts in hydrochemistry are most 
likely the result of a range of complex hydrogeochemical processes within the coal 
seams that control the availability and solubility of major and minor ions. 
4.4.3 Influence of silicate dissolution on sodium and bicarbonate concentrations 
Sodium is present in coals in inorganic form, such as plagioclase minerals or 
authigenic sodium-bearing clays, and the weathering of these minerals may release 
sodium (Gluskoter et al. 1971; Skipsey 1975; Caswell et al. 1984b; Grossman et al. 
1989; Daniels et al. 1990; Kimura 1998; Uysal et al. 2000). Silicate weathering, 
particularly under conditions of clay mineral saturation, also has the potential to 
produce high bicarbonate concentrations, and coupled with ion exchange may be a 
major process contributing to the evolution of NaHCO3 water types (Toran et al. 
1999; Venturelli et al. 2003). Silicate weathering of minerals such as albite tends to 
increase at pH > 8 due to the availability of OH
- 
ions (Sverdrup et al. 1988; Appelo et 
al. 2010), and the high bicarbonate concentrations of Cluster A water samples may 
be promoting additional silicate weathering.  
In cases where silicate weathering is a dominant process, there should be a clear 
correlation between sodium and bicarbonate. Yet, only a weak correlation between 
bicarbonate and sodium concentrations observed for Cluster A groundwater samples 
was observed. During silicate weathering, large amounts of silica are released, 
therefore silica concentrations may offer some further insights into the role of silicate 
weathering. PCA results indicated that silica plays a significant role in explaining the 
between- and within-cluster hydrochemical variability, with silica concentrations 
having a strong influence on Cluster A hydrochemistry as indicated by positive 
loadings (Figure 4.3 and Figure 4.4a). This result, combined with the low 
Na/alkalinity ratios for samples assigned to Cluster A  (Figure 4.5b), indicates that 
there is some influence of silicate weathering; however, the generally low silica 
concentrations across the entire data set (< 25 mg/L) suggest that there is a control on 
the solubility of silica.  
The polymerisation of silica may be influenced by increasing salinity, particularly in 
the presence of fluoride, and at pH >7 kaolinite may sorb monosilic acid (Beckwith 
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et al. 1963; Weres et al. 1981). The inverse relationship between silica and the 
chloride loadings for PC1 suggests that salinity may create some control on silica, 
potentially catalysed by high fluoride, explaining the between-cluster variability. It is 
not clear if the rate of silica polymerization/adsorption could be sufficient to account 
for the loss of high silica concentrations that would be generated via silicate 
weathering reactions, although experimental work has shown that these processes 
may occur at low temperatures and over short time periods (days) (Weres et al. 
1981). Excess silica generated during silicate weathering reactions may also be 
incorporated into crystal lattices during subsequent clay mineral reactions.  
While there is uncertainty on the controls of silica solubility, the lack of strong 
relationships between sodium and bicarbonate suggests that the NaHCO3 water types 
may have evolved earlier along the flow path and prior to the onset of 
methanogenesis. Recent hydrochemical analyses of bedrock groundwater evolution 
in the study area suggests that this is the case. Base-exchange softening processes 
that lead to the evolution of NaHCO3 water types prior to significant sulfate 
reduction and methanogenesis in coal seams have also been observed in aquifers in 
Texas (Grossman et al. 1989). Alternatively, high concentrations of bicarbonate 
produced within the coal seams as a result of coal degradation and/or 
methanogenesis may prevent obvious relationships between sodium and bicarbonate, 
which are typically associated with silicate weathering, from being observed.  
4.4.4 Influence of anion exchange on fluoride concentrations  
Base-exchange softening processes may also release fluoride ions (Rango et al. 
2009), explaining higher fluoride concentrations for Cluster A, although anion 
exchange between soluble OH
- 
and fluoride
-
 ions in coal mineral structures may also 
promote the release of fluoride ions within the coal seams. Fluoride minerals, such as 
fluorapatite and micas, occur in coals and in some cases organically-bound fluoride 
ions have also been observed (Gluskoter et al. 1964; Kimura 1998; Zheng et al. 
1999). Strong linear relationships between alkalinity and fluoride indicate that anion 
exchange between fluoride held in inorganic minerals, or organic-bound fluoride 
held in the coal pore spaces, have a dominant role in the release of fluoride ions 
(Figure 4.6a).  
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Increases in calcium and/or magnesium ions appear to control fluoride solubility, 
most likely via the precipitation of fluorite, particularly as salinity increases from 
Cluster A to Cluster B (Figure 4.6b).  
The differences of fluoride concentrations between clusters A and B may also be 
indicative of different coal characteristics. High fluoride concentrations in coal are  
often correlated with high ash content (Zheng et al. 1999). High ash content has been 
observed for some WCM coal samples (Chaffee et al. 2010). Relatively lower ash 
content in coal seams relating to Cluster B may limit the amount of fluoride available 
for anion exchange; however, the approximate linear relationship between alkalinity 
and fluoride (Figure 4.6a) suggests that the saturation of bicarbonate and carbonate 
ions has a controlling influence on fluoride concentrations. Some further evidence of 
a potential influence in the variability of coal mineral character, such as ash content, 
is provided by the variability of chloride concentrations.  
4.4.5 Organic-bound chlorine as a potential source of chloride 
A significant amount of chlorine in coal may be held in organic complexes, either 
bonded by amines or with carboxyl acids or phenolates, often forming a HCl 
complex that is surrounded by water molecules in the coal pore space (Huggins et al. 
1995; Yudovich et al. 2006). The origins of this chloride may be syngenetic and 
related to historical sources such as volcanism, plant uptake or precipitation, or they 
may be epigenetic and associated with the saturation of coals by basal brines during 
geological events such as basin uplift (Yudovich et al. 2006). In the Surat and 
Clarence-Moreton basins the former is more likely the origin of chloride in WCM 
coals, because no brines occur in the study area and marine influence is also absent.  
While biogeochemical cycling of chlorine is not completely understood, the concept 
of chloride retention in organic matter is not new and organic matter has been 
identified as both a sink and source of chloride in the environment (Hjelm et al. 
1996; Hjelm et al. 1999; Winterton 2000; Öberg et al. 2005a; Öberg et al. 2005b).  
During a review on the occurrence of chlorine in coal, Yudovich and Ketris (2006) 
estimated that organic-bound chlorine may account for between 10% and 25% of the 
total chlorine content, but also noted that much higher fractions (up to 97%) have 
been observed in individual cases around the globe. 
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The release of chloride from organic-bound chlorine complexes in coal has been 
attributed to anion exchange between either OH
-
 or CO3
-
 ions and Cl
-
 ions. This 
process is likely to release H
+ 
ions associated with the organic complex, resulting in a 
subsequent decrease in pH (Edgecombe 1956; Daybell et al. 1958; Caswell et al. 
1984b). In the WCM coal seams, coal degradation and/or methanogenesis could 
provide the CO3
-
  and/or OH
-
 ions necessary for facilitating the anion exchange. The 
strong linear relationship between increasing chloride and decreasing pH for Cluster 
B groundwater samples (Figure 4.7a) indicates that the decrease of chloride with 
increasing pH for this cluster is most likely the result of the release of chloride ions 
from organic-bound chlorine complexes.   
The occurrence of the organic-bound chlorine complexes may be influenced by a 
number of factors, including coal type, moisture content and ash content, and 
different types of bonds with organic complexes on the coal surface can result in 
different leaching abilities for different coals (Gluskoter et al. 1964; Gluskoter et al. 
1971; Skipsey 1975; Caswell et al. 1984b; Caswell et al. 1984a; Huggins et al. 1995; 
Kimura 1998; Vassilev et al. 2000; Yudovich et al. 2006). Localised variations in 
these factors may contribute to the different hydrochemical characteristics between 
clusters. Most notably, negative correlations between chloride and coal ash content 
have been observed (Kimura 1998; Vassilev et al. 2000; Yudovich et al. 2006), and 
the inverse relationship between fluoride and chloride concentrations probably 
reflects the spatial variability in coal ash content and other characteristics of coal in 
different areas of the coal seams. The obvious hydrochemical distinctions between 
the Tipton/Daandine and Kogan CSG fields, shows that the variability in these coal 
characteristics occurs laterally within individual coal measures, and may not 
necessarily be related to depth.  
4.4.6 Controls on calcium and magnesium concentrations   
In most coals, calcium and magnesium occur almost exclusively as carbonate 
minerals, and carbonate nodules have been reported from WCM coal seams (Kimura 
1998; Ward et al. 1999; Chaffee et al. 2010). The broad descriptions of CSG 
groundwaters propose that the characteristic depletion of calcium and magnesium 
within these groundwater types is related to the precipitation of carbonate minerals 
(Van Voast 2003). However, results for Cluster B groundwater samples in this study 
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show small increases in calcium and magnesium concentrations as chloride 
increases, suggesting that carbonate dissolution occurs (Figure 4.7b).  
This small increase in calcium and magnesium concentrations for Cluster B water 
samples is unexpected for CSG groundwaters because the high bicarbonate 
concentrations are expected to control the concentrations of calcium and magnesium 
ions. Papendick et al. (2011) also observed relatively higher concentrations of 
calcium and magnesium in more saline CSG groundwaters in the Surat Basin at a 
field site close to the Kogan field site used in this study. Correlations between water-
soluble chloride and calcium and magnesium have been observed and attributed to 
the release of chloride via anion exchange, a processes that is enhanced by the 
presence of soluble carbonate (Edgecombe 1956; Daybell et al. 1958; Caswell et al. 
1984b). The release of H
+
 ions and subsequent decrease in pH following the release 
of chloride from organic-bound chlorine complexes could result in the dissolution of 
carbonates, explaining the small increases in calcium and magnesium with increasing 
chloride concentration observed for Cluster B water samples (Figure 4.7a).  
However, these small increases in calcium and magnesium are not sufficient to cause 
significant reductions in the residual alkalinity, and residual alkalinity concentrations 
are consistently positive across the entire data set (Figure 4.9). This presence of small 
concentrations of calcium and magnesium at relatively higher bicarbonate 
concentrations suggests that there is a control on carbonate precipitation. Insufficient 
temperature data was available to determine calcite and dolomite saturation indices, 
however, the exhaustion of sodium ions may play a role in limiting carbonate 
precipitation following dissolution. 
4.4.7 Soluble NaCl complexes as a source of sodium 
When chloride forms an organic complex in coal pores, it  often does so by bonding 
with a quaternary amine, such as quaternary nitrogen; however, in some coals, there 
may be insufficient quaternary nitrogen available at the coal surface, in which case 
the chloride may attach to an alkali metal, such as sodium, that has bonded to a polar 
oxygen group of carboxylates or phenolates (Huggins et al. 1995). Any sodium 
associated with this organic-bound chlorine will be released when the chloride is 
released.  
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Figure 4.8 (a) Sodium concentrations versus total concentrations of calcium and magnesium for HCA 
clusters and cluster subgroups; and (b) the difference between sodium and chloride  concentrations 
versus total concentrations of calcium and magnesium for HCA clusters and cluster subgroups.  
 
Figure 4.9  Total chloride concentrations versus residual alkalinity, where residual alkalinity is 
defined as: (HCO3 + CO3) – (Ca + Mg).  
The relationships between sodium and chloride have been observed in other coals, 
but the results are by no means consistent. For example, stoichiometric ratios of 
sodium and chloride in coal have been reported in the Ukraine and China, but in 
North Staffordshire coalfields in the UK, water soluble NaCl accounted for only  
approximately 33% of the total chlorine content in coals (Caswell et al. 1984b; 
Yudovich et al. 2006). In high-chlorine coal, the water soluble sodium may only 
account for a fraction of the total chlorine content in the coal, and in some cases 
negative correlations between sodium and chloride in coal have been observed  
(Manzoori et al. 1992; Vassilev et al. 2000). These studies demonstrate that while 
coal may be a source of sodium and chloride, the specific sources of these ions 
within a coal seam, and the mechanisms triggering their release, could be different.  
For Cluster B groundwater samples, the release of the chloride ion proceeds at a 
faster rate than the release of sodium ions, and this increase in chloride may facilitate 
other cations such as calcium and magnesium to remain in solution (Figure 4.8b). 
The higher chloride concentrations in comparison to sodium observed for Cluster B 
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water samples could be explained by chloride held in both quaternary amines, i.e. 
without sodium, and held in NaCl complexes that are bonded to a polar oxygen 
group.  The breaking of these bonds would release chloride, regardless of whether 
the chloride is held in a quaternary amine or NaCl complex, but the release of 
sodium would depend on NaCl complexes being broken, or simply by the abundance 
of NaCl complexes in the coal.   
The maximum sodium concentrations of Cluster B are approximately 120 meq/L 
(Figure 4.8a), and at this point, sharp increases in the calcium and magnesium 
(predominantly calcium) concentrations occur. In fact, the highest combined calcium 
and magnesium concentrations occur when the concentrations of chloride exceed that 
of sodium (Figure 4.8b), suggesting that sodium sources may be exhausted and that 
the solubility of other cations is promoted. 
4.4.8 Coal degradation, methanogenesis and implications for hydrochemistry 
Positive residual alkalinity values for all water samples in the data set show that a 
consistent source of bicarbonate is present, yet the relatively higher concentrations of 
Cluster A water samples suggest that a source of bicarbonate is more dominant for 
these groundwaters (Figure 4.9). Given that all water samples in this study were 
taken from areas of the aquifer where both the occurrence of coal and biogenic 
methanogenesis are prevalent, the degradation of coal organic matter is more than 
likely a consistent source of CO2 for all water samples in both clusters. Other factors, 
therefore, must be influencing the variability in bicarbonate concentrations.  
In some cases, methanogenic activity, coupled with the breakdown of coal organic 
matter, has been found to result in high bicarbonate concentrations (Grossman et al. 
1989). Different methanogenic bacteria utilise fermentation products in different 
ways to produce energy. As a result, different methanogenic pathways have different 
hydrochemical responses, with some pathways resulting in the production of 
bicarbonate (e.g. acetoclastic methanogenesis) and others resulting in bicarbonate 
consumption (e.g. hydrogenotrophic methanogenesis) (Strąpoć et al. 2008b; 
Papendick et al. 2011) (Table 4.2).  
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Table 4.2  Stoichiometry of methanogenic pathways (Strąpoć et al. 2008b; Papendick et al. 2011).  
Methanogenic pathway Stoichiometry 
Hydrogenotrophic  
methanogenesis 
HCO3
-
 + 4H2 + H
+
 → CH4 + 
3H2O 
Homoacetogenesis 2HCO3
-
 + 4H2 + H
+ → CH3COO 
+ 3H2O 
Acetoclastic methanogenesis CH3COO + H2O → CH4 + HCO3
- 
Methyltrophic methanogenesis 4CH3OH → 3CH4 + CO2 +2H2O 
 
Acetoclastic methanogenesis is considered the dominant methane production 
pathway in many freshwater environments and has previously been observed for coal 
seams in the USA (Takai 1970; Whiticar 1999; Kanduc et al. 2005; Flores et al. 
2008; Green et al. 2008; Ulrich et al. 2008). Yet recent culturing experiments using 
water samples/inoculant from north east of the Surat Basin failed to identify 
acetoclastic methanogens and observed that hydrogenotrophic methanogenesis was 
the dominant methanogenic pathway (Papendick et al. 2011). Results from more 
recent analyses of gas isotopes from the Surat Basin are consistent with low levels of 
acetoclastic methanogenesis (Golding et al. 2013; Hamilton et al. 2014), and as a 
result it would not be appropriate to assume acetoclastic methanogenesis plays a 
significant role in the variability of bicarbonate concentrations observed in this study. 
However, Papendick et al. (2011) noted  a number of limitations with respect to their 
culturing experiments that may have limited the ability to culture acetoclastic 
methanogens, including long storage time frames (eight months), and the subsequent 
total loss of methanogenic activity for some water samples. This suggests that it may 
not be appropriate to completely reject the possibility that acetoclastic methanogenic 
activity exists and has some influence on hydrochemistry in coal-bearing formations 
in the study area.  
In the same light, if hydrogenotrophic methanogenesis is dominant in both saline and 
fresher CSG groundwaters, as was observed for CSG groundwaters in the north-
eastern Surat by Papendick et al. (2011), then the influence of this methanogenic 
pathway on hydrochemistry could be expected to be similar for both clusters in this 
study.  
An alternative explanation for the between-cluster variability in bicarbonate 
concentrations is that NaHCO3 groundwaters have evolved earlier on in the 
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evolutionary pathway prior to significant methanogenesis, and that these initially 
high bicarbonate concentrations inhibit acetoclastic methanogenesis, which is less 
exergonic at higher aHCO3 (Strąpoć et al. 2008b). This scenario could allow 
hydrogenotrophic methanogenesis to dominate and subsequently encourage some 
bicarbonate consumption as methanogenesis proceeds (see Table 4.2). While isotopic 
data was not available to test if residence times or the potential extent of 
hydrogenotrophic methanogenesis also vary between clusters, analysis of a large 
hydrochemical data set from the north east Surat Basin suggests NaHCO3 water types 
are evolving in bedrock aquifers prior to significant methanogenesis.  
Another possible explanation for the between-cluster variability in bicarbonate 
concentrations is that different gas reservoir characteristics exists between the Kogan 
and Tipton/Daandine field sites allowing CO2 to be more dominant in certain areas.  
In any case, the spatial variability in coal characteristics within the WCM coal seams, 
as demonstrated by the variability in fluoride and chloride concentrations (Figures 
4.6a, 4.6b and Figure 4.9), suggests localised hydrogeochemical factors are 
influencing the between cluster variability. It is reasonable to expect that the 
microbial degradation of coal associated with methanogenesis, contributes to a 
hydrochemical response by disrupting the coal matrix. For example, the microbial 
degradation of coal organic matter may be driving the release of chloride and/or 
sodium ions from organic-bound complexes held in the coal pore spaces. The recent 
culturing experiments conducted by Papendick et al. (2011) suggests that different 
chloride concentrations may favour different methanogenic bacteria within the 
microbial consortium, and as a result the microbial fermentation processes and 
subsequent release of ions from the coal matrix could possibly induce variability in 
the methanogenic consortia under varying hydrochemical conditions. Whether or not 
such differences in the methanogenic consortia could then induce a significant 
hydrochemical response remains speculation; nonetheless, given the variability in 
coal seam hydrochemistry, including evidence for the release of chloride and sodium 
ions from coal, the potential for intricate relationships between coal geochemistry, 
coal degradation, microbial processes and methanogenesis to exist within coal seams 
in the Surat and Clarence-Moreton basins is plausible. Such a theory provides an 
interesting area for future research. 
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4.4.9 The application of a simple CSG groundwater hydrochemical signature 
The relationships between the Na/Cl and alkalinity/Cl ratios, and the Na/Cl and 
alkalinity/Cl ratios for CSG groundwaters assessed in this study suggest that other 
CSG groundwaters may exhibit similar relationships. Similarly, the relationships 
between residual alkalinity and chloride, and pH and chloride, suggest that 
comparisons between these hydrochemical characteristics may be indicative of 
different methanogenic and hydrochemical responses. To assess the effectiveness of 
these characteristic major ion relationships for identifying CSG groundwaters, the 
CSG groundwater data used in this study are compared to a number of other CSG- 
and non-CSG groundwater data sets, including:  
Other Surat Basin CSG groundwaters, from Roma and Dalby (Papendick et al. 
(2011)); 
CSG groundwaters in the Bowen Basin (Kinnon et al. (2010)); and 
CSG groundwater samples from the Illinois Basin, USA (Strąpoć et al. (2008a)). 
Figures 4.9a to f and 4.10a to b show the CSG groundwaters from the Surat Basin 
(Roma and Dalby), the Bowen Basin, as well as those in the Illinois Basin in the 
USA. The similarity between the Surat Basin CSG groundwaters from both Roma 
and Dalby with the WCM CSG groundwater data used in this study is particularly 
obvious, including: the linear relationship between Na/Cl and alkalinity/Cl ratios 
(Figure 4.10a); the exponential decay relationship between the Na/Cl and 
Na/alkalinity ratios (Figure 4.10b); and the relationship between increasing chloride 
and decreasing pH (Figure 4.10b) for samples from the Kogan and Dalby field sites. 
The Kogan field site (used in this study) and the Dalby field site (used in Papendick 
et al., (2011)) are in close proximity (Figure 4.1), which may explain the similar 
hydrochemistry. However, the Roma field site (Papendick et al. (2011)) and the 
Tipton and Daandine field sites (this study) are more than 280 km apart. 
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Figure 4.10 Na/Cl ratios versus alkalinity/Cl ratios and Na/Cl versus Na/alkalinity ratios respectively 
for CSG groundwater samples from (a) and (b) Surat Basin (Roma and Dalby), as reported in 
Papendick et al. (2011); (c) and (d) Illinois Basin, USA, as reported in Strąpoć et al. (2008a); (e) and 
(f) Bowen Basin, QLD, Australia, as reported by Kinnon et al. (2010). All ratios are based on ion 
concentrations expressed in meq/L. 
 
Figure 4.11 Total chloride concentrations for CSG groundwaters from the Surat Basin (Roma and 
Dalby) (Papendick et al. 2011), the Illinois Basin, USA (Strąpoć et al. 2008a), and the Bowen Basin, 
QLD, Australia (Kinnon et al. 2010) versus: (a) residual alkalinity, where residual alkalinity is defined 
as (HCO3 + CO3) – (Ca + Mg); and (b) pH.   
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The hydrochemical similarities between these fresher CSG groundwaters at Roma 
and Dalby, and between those previously reported for Dalby (Papendick et al., 2011) 
and the more saline Cluster B water samples suggest that the hydrochemical 
variability between CSG groundwaters in the Surat Basin and in the western part of 
the Clarence-Moreton Basin is influenced by common factors. Variability in chloride 
concentrations, and associated major ion ratio relationships, may reflect the 
variability in coal characteristics and associated hydrochemical responses, such as 
the release of organic-bound chlorine. Perhaps most interesting, however, is the 
similarities in the strong inverse relationship between chloride and bicarbonate and 
between chloride and pH that was also observed for both the Roma and Dalby data 
(Figures 4.11a and b). Combined, the results in Figures 4.11a and b, and those in 
Figures 4.9 and 4.7a, clearly show that there are distinct relationships between 
chloride, bicarbonate and pH in the CSG waters, and that these hydrochemical 
relationships may be consistent across field sites separated by large distances, 
particularly for fresher CSG groundwaters.   
These comparative results confirm a distinct hydrochemical response for both fresher 
and less saline CSG groundwaters in the Surat and Clarence-Moreton basins. The 
high bicarbonate concentrations for fresher groundwaters at the Roma, Tipton and 
Daandine field sites may be associated with a meteoric recharge pathway. Any 
meteoric water influx may be promoting methanogenesis through the inoculation of 
methanogenic bacteria, a phenomenon that has been proposed for other CSG 
groundwaters (Scott 2002; Strąpoć et al. 2008a; Kinnon et al. 2010; Katz 2011).  
Comparable relationships between pH and chloride observed at Kogan and Dalby 
were also observed for Illinois Basin CSG groundwaters (Figure 4.11b).  Similar to 
the Jurassic WCM coals from the Surat Basin, the Illinois Basin coals are also low 
rank coals with similar vitrinite reflectance ranges (Strąpoć et al. 2008a; Day 2009), 
and this may influence the similar hydrochemical relationships observed for these 
CSG groundwaters. Previous authors have suggested that the majority of chloride 
present in Illinois coals occurs as organic-bound chlorine complexes (Gluskoter et al. 
1971), and relationships between increasing chloride and decreasing pH suggest that 
the release of chloride from coal seams may also be occurring in Illinois coal seams. 
Interestingly, hydrogenotrophic methanogenesis was identified as the dominant 
methanogenic pathway in these Illinois Basin coal seams, a characteristic shared with 
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the WCM coal seams in the Surat Basin (Strąpoć et al. 2008b; Papendick et al. 
2011).  
In contrast, similar hydrochemical relationships were not observed for Bowen Basin 
CSG samples taken from Kinnon et al. (2010), indicating that these simple 
hydrochemical characteristics may not always be indicative of CSG groundwaters. 
This may reflect the different properties of coal in the Surat and Bowen basins. The 
Permian coals of the Bowen Basin, which in part underlies the Surat Basin, are 
higher rank coals with higher vitrinite content than the Jurassic coals of the Surat 
Basin (Day 2009). The different conditions under which the coal formed may have 
resulted in the formation of different soluble chloride and NaCl complexes within the 
coals. Interestingly, the upper coal seams of the Bowen Basin show a positive 
relationship between chloride and residual alkalinity; the opposite was observed for 
the majority of more saline Surat Basin CSG groundwaters.  
The similarities between coal rank and hydrochemical patterns between the Surat and 
Illinois basins implies that a particular coal characteristics may induce a particular 
hydrochemical response; yet, the dominance of hydrogenotrophic methanogenesis in 
both these basins suggest the hydrochemical response is not related to major shifts in 
the dominant methanogenic pathway. However, an inverse relationship between 
methane production and chloride in a coal substrate experiment by Papendick et al. 
(2011) suggests that different methanogenic consortia may be geared towards 
localised variations in coal character and hydrochemistry. Given that the degradation 
of coal can influence hydrochemistry, an understanding of the chemical character of 
coal and its influence on hydrochemistry, particularly the enrichment of chloride, 
could provide useful insights into the relationships between hydrochemistry and 
methanogenesis. Further research in this area is also warranted given the stark 
contrasts in major ion relationships between Surat/Clarence-Moreton basin CSG 
groundwaters and those from the Bowen Basin that are highlighted in this study. 
4.4.10 Comparisons between CSG groundwater and other NaHCO3 water 
types 
By comparing the hydrochemical characteristics of CSG groundwaters identified in 
this study with other NaHCO3 water types not linked to CSG groundwaters, it is 
possible to determine if the characteristic relationships identified for CSG 
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groundwaters above are indicative of hydrochemical evolution in CSG coal seams, or 
whether they are representative of all NaHCO3 water types.  
Non-CSG groundwater samples that represent NaHCO3 groundwater types , as 
reported by Venturelli et al. (2003) and Chae et al. (2006), were used to make these 
comparisons. These data represent major ion analyses for NaHCO3 water types from 
a range of aquifers and environments, including pelitic carbonate and sandstone rock 
aquifers, crystalline and volcanic rock aquifers, and aquifers with high partial 
pressure of CO2 (Venturelli et al. 2003), as well as from deep groundwaters in granite 
aquifers that have evolved from Ca,MgHCO3 water types via cation exchange 
process (Chae et al. 2006).  
Figure 4.12a shows that the linear relationship between the Na/Cl and alkalinity/Cl 
ratios observed for CSG groundwaters is also found in other NaHCO3 groundwater 
types presented by Venturelli et al. (2003) and Chae et al. (2006). This could be 
expected given that sodium is the dominant cation in these water types and any 
excess charge not balanced by bicarbonate must be balanced by chloride. This result 
suggests that for NaHCO3 waters the relationship between the Na/Cl verses 
alkalinity/Cl may not be effective in distinguishing between CSG groundwaters and 
other groundwater types; this is particularly the case where these groundwaters are 
evolving in shale formations.  
However, Figure 4.12b shows that the relationship between the Na/Cl and 
Na/alkalinity ratios for non-CSG groundwaters, and between chloride and residual 
alkalinity does not follow a similar relationship as CSG groundwaters. The 
relationship between the Na/Cl and the Na/alkalinity ratios for CSG groundwaters 
captures the shift in sodium and chloride sources that appears to occur in CSG 
groundwaters when the bicarbonate concentration is depleted, including the greater 
rate of increase in chloride when compared to sodium that results in a reduction in 
the Na/Cl ratio. For the NaHCO3 water type data set reported by both Venturelli et 
al. (2003) and Chae et al (2006), similar relationships between chloride 
concentrations and residual alkalinity or pH, as those observed for CSG 
groundwaters at Dalby and Kogan, were not found (Figures 4.12c and d). Given that 
the data presented by these authors represents a range of different NaHCO3 water 
types that have evolved under varying conditions, the relationships between 
Na/alkalinity and alkalinity/Cl ratios for CSG groundwaters demonstrated in this 
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study can be interpreted as being unique characteristics to some CSG groundwaters, 
particularly CSG groundwaters from the Surat and Clarence-Moreton basins in 
Queensland, Australia, and the Illinois Basin in the USA.  
The combined assessment of the Na/Cl versus alkalinity/Cl plot, the Na/Cl versus 
Na/alkalinity plot, and the chloride versus residual alkalinity plot, may be useful in 
distinguishing CSG groundwater types, particularly where coal rank and coal seam 
geochemistry are similar. However, the inconsistency of these relationships in the 
Illinois Basin CSG groundwaters, and the lack of similar characteristics in the Bowen 
Basin indicate that CSG groundwaters from other settings are likely to show different 
hydrochemical characteristics.   
 
Figure 4.12 Hydrochemical data for non-CSG-related NaHCO3 water types, as reported by Venturelli 
et al. (2003) and Chae et al. (2006), for groundwaters from pelitic carbonate and sandstone rock 
aquifers, crystalline and volcanic rock aquifers, aquifers with high partial pressure of CO2, and deep 
granite aquifers under a steady state condition where the NaHCO3 water type has evolved via cation 
exchange from Ca,MgHCO3 water types showing: (a) Na/Cl ratios versus alkalinity/Cl ratios; and (b) 
Log Na/Cl ratios versus Na/alkalinity ratios, where alkalinity is defined as HCO3 + CO3; (c) Log total 
chloride concentrations versus residual alkalinity, where residual alkalinity is defined as where 
residual alkalinity is defined as (HCO3 + CO3) – (Ca + Mg); and (d) Log total chloride concentrations 
versus pH. 
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4.5 CONCLUSIONS  
Using a combination of multivariate statistical and graphical techniques, a number of 
major ion relationships of coal seam gas (CSG), or coal bed methane, groundwaters 
from several field sites in the north-east Surat and western Clarence-Moreton basins 
in Queensland, Australia, were identified. The occurrence of these relationships in 
other CSG groundwaters was investigated using recently published data for the Surat 
and Bowen basins in Queensland, as well as from the Illinois Basin in the USA. 
Comparisons were also made with published data of other NaHCO3 groundwater 
types not related to CSG to demonstrate the wider applicability of these simple major 
ion relationships to delineate CSG groundwaters.   
Using multivariate statistical techniques and graphical comparisons of major ion 
ratios, four distinct hydrochemical relationships were observed for coal seam gas 
(CSG) groundwaters of the north eastern Surat Basin and western Clarence-Moreton 
basins:  
Strong positive linear correlation between the Na/Cl and alkalinity/Cl ratios;  
An exponentially decaying trend between the Na/Cl and Na/alkalinity ratios;  
Inverse linear relationships between increasing chloride concentrations and 
decreasing pH for high salinity groundwaters (EC range = 7700 – 14700 μS/cm); and  
High residual alkalinity for lower salinity waters (EC range = 4170 – 7600 μS/cm), 
and an inverse relationship between decreasing residual alkalinity and increasing 
chloride concentrations for more saline waters.  
Distinct characteristics of CSG groundwater hydrochemistry for different field sites 
within the Surat and Clarence-Moreton basins were observed, particularly in salinity 
and chloride concentrations. Comparable major ion relationships for low and high 
salinity CSG groundwaters from other gas prospects within the Surat Basin were also 
observed. These results suggest that meteoric recharge has a major influence on both 
coal seam hydrochemistry and potentially on the dominant methanogenic pathway in 
lower salinity groundwaters. In more saline CSG groundwaters, there is evidence to 
suggest that the availability and relative abundance of organic-bound HCl and/or 
NaCl complexes in the coal pore spaces contributes to sodium and chloride 
concentrations. These relationships reflect previously described sources of chloride 
and sodium in coals that have largely been neglected in CSG groundwater studies.  
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Comparisons with CSG groundwater data from the Illinois Basin show that where 
coal maceral content is similar and where organic-bound chlorine is relatively 
abundant, hydrochemical responses and the dominant methanogenic pathway within 
coal seams may also be similar. These similarities demonstrate that the major ion 
relationships observed in this study can be used as a basic tool for delineating 
potential CSG groundwaters in coal-bearing aquifers that contain methane and to 
assist with the development of strategic sampling programs, e.g. during aquifer 
connectivity studies. However, the same major ion relationships were not observed 
for data from the Bowen Basin of Queensland, despite these CSG groundwaters 
being of a similar major ion composition. This indicates that these hydrochemical 
relationships are not indicative of all CSG groundwaters. Notably coal type, age and 
depositional characteristics also vary between the Surat/Clarence-Moreton Basins 
and the Bowen Basin. 
Comparison with major ion data for non-CSG groundwaters suggest that in settings 
where NaHCO3 water types have evolved via multiple pathways, a similar linear 
relationship between Na/Cl and alkalinity/Cl ratios may also occur. Under these 
scenarios, the comparison of the Na/Cl and Na/alkalinity ratios, as well as the 
relationship between residual alkalinity and chloride may be particularly useful in 
delineating certain CSG groundwaters, such as those in the Surat, Clarence-Moreton 
or Illinois basins. 
The results presented in this paper suggest that understanding the chemical character 
of coal and its influence on the associated hydrochemistry, and in particular the 
enrichment of chloride, could provide some valuable insights into the relationships 
between hydrochemistry and methanogenesis. Further work is required to clarify 
these relationships in CSG groundwaters. From a CSG exploration perspective, and 
in relation to aquifer connectivity studies relevant to CSG management, the influence 
of coal pore spacing and moisture content on chloride concentrations and methane 
production implies a relationship between coal characteristics, hydrochemistry and 
methanogenesis which is particularly worthy of further investigation. 
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Abstract 
A combination of multivariate statistical techniques, simple hydrochemical mixing 
models and inverse geochemical modelling was used to investigate the major 
hydrochemical evolutionary pathways of a large alluvial aquifer, the upper 
Condamine River alluvium, south east Queensland, Australia. Hydrochemical 
similarities between alluvium and sedimentary bedrock groundwater implies some 
mixing between alluvial and sedimentary bedrock aquifers, but spatial assessment 
showed this was localised around outcrops of sedimentary bedrock in upstream 
areas. Within the alluvium, a distinct shift towards a low salinity Na-HCO3 water 
type and a brackish Na-HCO3-Cl water type was obvious in two separate locations. 
Both of these water types are unique to the alluvium, and inverse modelling shows 
they can evolve via a combination of insitu alluvial processes, including diffuse 
recharge of rainfall or river water or the evolution of basalt-derived groundwater via 
gypsum dissolution plagioclase weathering, cation exchange and some carbonate 
precipitation/dissolution. The evolution of these water types is potentially influenced 
by overlying sodic alkaline soils, and often is associated with a source of sulfate. 
Evapotranspiration is the dominant salinization process in the alluvium and increases 
in calcium cations during salinization indicate that brackish Na-HCO3-Cl 
groundwater in the underlying Walloon Coal Measures are unlikely to have a major 
influence on salinization in the alluvium. The most saline water types observed were 
endemic to shallow zones of the alluvium where evapotranspiration is likely. Results 
demonstrate that a combination of multivariate statistics and inverse geochemical 
modelling can be successfully used to delineate hydrochemical pathways in complex 
hydrogeological settings where a range of environmental and anthropogenic factors 
may be influencing the evolution of water types with similar hydrochemical 
compositions.  
5.1 INTRODUCTION 
Worldwide, alluvial aquifers are renowned as important groundwater resources 
(Helena et al. 1999; García et al. 2001; Sanchez-Martos et al. 2002; Güler et al. 2004; 
Lorite-Herrera et al. 2007; Al-Shaibani 2008; Chae et al. 2009; Faunt et al. 2009). 
Characterising the hydrochemical processes within these alluvial aquifers is vital to 
understanding both the nature and extent of the groundwater resource, as well as its 
relationships with its surrounding environment, including influences of recharge and 
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anthropogenic activities. Given that alluvial aquifers represent receiving systems, 
relationships between alluvial aquifers and surrounding aquifers are particularly 
pertinent in hydrochemical and hydrologic studies.  In areas where coal seam gas 
(CSG), or coal bed methane, resources  are being developed, interactions between 
alluvial aquifers and shallow gas-bearing aquifers is becoming an increasingly 
important water resource management issue because large volumes of water need to 
be extracted  from the coal seams to release the sorbed gas.  
The characteristic Na-HCO3 or Na-HCO3-Cl hydrochemical composition, and 
reduced sulfate concentrations, of CSG groundwater offer a potentially simple means 
of investigating CSG-aquifer interaction; however, Na-HCO3 or Na-HCO3,Cl water 
types may also evolve via cation exchange, evapotranspiration, interactions with 
carbonate or via processes associated with via with sodic alkaline soils (Rengasamy 
et al. 1991; Rengasamy et al. 1993; Barbiéro et al. 2002; Van Voast 2003; Venturelli 
et al. 2003; Chae et al. 2006; Singh et al. 2006a; Hamawand et al. 2013; Owen et al. 
2015c). While CSG groundwater is often brackish, salinization of groundwater can 
be a natural process associated with evapotranspiration and hydrochemical evolution, 
or it may be exacerbated by clearing of native vegetation, irrigation or  water 
extraction (Dixon et al. 1994; Helena et al. 1999; Zhou et al. 2006; Lorite-Herrera et 
al. 2007; Strąpoć et al. 2008a; Chae et al. 2009; Choi et al. 2010; Kinnon et al. 2010; 
Hamawand et al. 2013; Owen et al. 2015c). This complexity makes the identification 
of both CSG-aquifer connectivity indicators and the delineation of hydrochemical 
evolutionary pathways and water sources problematic, particularly when 
investigating alluvial aquifers that are often influenced by both insitu processes and 
interaction with surrounding aquifers.  
Multivariate statistical analysis is a useful tool for assessing and explaining 
hydrochemical variability in complex hydrogeochemical settings, with common 
techniques allowing hydrochemical water types to be categorised, and the influence 
of specific parameters on variability to be explained (Kaiser 1960; Güler et al. 2002; 
Hair et al. 2006; Cloutier et al. 2008; Templ et al. 2008; Morrison et al. 2011). 
However, the interpretation of these statistical results can be based on assumptions, 
and are possibly erroneous, if the statistical outputs are not combined with other 
analytical techniques and spatial assessments that allow the plausibility of specific 
processes, such as aquifer connectivity, to be investigated. In some cases inverse 
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geochemical modelling has also been used in combination with multivariate statistics 
to allow a more descriptive and accurate assessment of hydrochemical processes 
(Güler et al. 2004; Belkhiri et al. 2010; Carucci et al. 2012). This approach not only 
allows the characterisation of hydrochemical facies, but also provides a powerful 
means of delineating major hydrochemical pathways and of describing specific 
influences on hydrochemical evolution.  
In this study, a combination of multivariate statistics and geochemical modelling was 
used to investigate the hydrochemical evolution within a large alluvial aquifer, the 
upper Condamine River alluvium, in southeast Queensland, Australia. The alluvium 
overlies a coal seam gas resource, and underlies sodic alkaline soils. Previous 
research suggests an influence of surrounding basalt and bedrock aquifer on the 
alluvial groundwater resource (Huxley 1982; Hillier 2012; Dafny et al. 2013). A 
particular focus of this study was the origins of sodium, chloride and bicarbonate 
ions and the potential for water types dominated by these ions to evolve via a number 
of pathways, including via (i) interactions between alluvial groundwater and a range 
of bedrock aquifers such as coal seam gas groundwater, sedimentary bedrock and 
basalt aquifers;  (ii) diffuse recharge on agricultural soils, e.g. via rainfall, flood 
flows, run off etc.; and (iii) insitu hydrogeochemical processes within the alluvium. 
The origins of sulfate and fluoride ions are also considered.  
5.2 GEOLOGICAL AND HYDROGEOLOGICAL SETTING 
The Condamine River catchment (here referred to as: the Condamine catchment) is a 
large surface water subcatchment (30,451 km
2
) in the headwaters of the Murray-
Darling Basin in southeast Queensland, Australia (Figure 5.1). The upper Condamine 
River alluvium covers an area of around 8500 km
2
, and is comprised of a 
heterogeneous mix of gravels, channels of coarse to fine sands and mixed layer clays, 
including smectite and kaolinite, as well as carbonate nodules or calcretes, hematite, 
quartz, feldspars and limonite (Huxley 1982). The origins of these carbonate deposits 
have not been studied, but they probably pertain to processes in paleo-palustrine 
environments, or in shallow environments may be associated with sodic alkaline 
soils (vertosols and sodosols) that overlie the Condamine alluvium (Rengasamy et al. 
1991; Shaw et al. 1994; Biggs et al. 1999; Alonso-Zarza 2003). The application of 
gypsum (CaSO4·2H2O) is a common soil management technique in areas where soil 
sodicity is a problem and this may encourage some carbonate dissolution. Other 
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sources of bicarbonate in alluvial groundwater include the degradation of coal 
fragments, where the alluvium has incised the bedrock, and in some cases shells 
(Huxley 1982).  
The alluvium reaches a maximum depth of approximately 130 m, but is generally 30 
to 60 m in depth (QWC 2012). Alluvial aquifers in the headwaters and along the 
tributaries are generally unconfined, though semi-confined conditions exist where 
clayey sheetwash overlies the alluvium (Lane 1979; Huxley 1982; Kelly et al. 2007; 
QWC 2012). An increase in clay content downstream coincides with a decrease in 
hydraulic conductivity, typically of > 30 m/d upstream of Cecil Plains to < 30 m/d 
downstream (Huxley 1982; Hansen 1999).  
The Condamine alluvium is flanked by a large Neogene alkaline olivine basalt 
extrusion (Main Range Volcanics) to the northeast and outcrops of the Walloon Coal 
Measures (WCM) and other Jurassic sedimentary bedrock of the Surat and Clarence-
Moreton basins (Figure 5.1). Large remnant alluvial deposits overlie the sedimentary 
Kumbarilla Beds in the west, and colluvial deposits are typical at the base of the 
basalt extrusions.  The sedimentary deposits are comprised of sandstones, siltstones, 
mudstones and coal, which were deposited in non-marine, fluvial and lacustrine 
environments (Exon 1976; Cook et al. 2013; Jell et al. 2013). Quartz, kaolinite and 
mixed layer clays, K-feldspar and plagioclase, carbonates and mixed layers of 
smectite and illite are typical in most sedimentary deposits (Exon et al. 1972; 
Grigorescu 2011). Coal also occurs in most sedimentary deposits, but the most 
abundant coal seams found in the WCM (Exon 1976; Cadman et al. 1998). These 
sedimentary deposits dip to the southwest beneath the Condamine alluvium, and the 
WCM and Kumbarilla Beds form the major basement features in some areas (Lane 
1979; Huxley 1982). In some cases, the alluvium has incised the WCM by up to 130 
m within a paleovalley (QWC, 2012).   
Early work proposed that stream recharge was the dominant  source of alluvial 
groundwater,  although more recent investigations disagree that stream recharge is 
significant; in any case, recharge is not well understood and diffuse recharge and 
discharge from surrounding basalt aquifers require further clarification (Lane 1979; 
Huxley 1982; Kelly et al. 2007; KCB 2011; Barnett et al. 2012; Dafny et al. 2013). 
Dafny and Silburn (2013) provide a comprehensive overview of work to date on the 
alluvial hydraulics. Since the 1960s, thousands of wells have been drilled into the 
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alluvium and water extraction supports large-scale agriculture in the catchment, 
primarily for the irrigation of cotton and grain crops. Long-term over-extraction led 
to a decline in the volume of water present in the aquifer, although the net extraction 
rate has been significantly reduced in the last decade through improved water 
resource management policies (Cox et al. 2013; Dafny et al. 2013).  
Although the decline in alluvial water levels has produced changes in hydraulic 
heads that may induce discharge from surrounding bedrock aquifers, alluvial-
bedrock interactions have not been confirmed (Huxley 1982; KCB 2010; Dafny et al. 
2013). In some areas hydraulic heads favour discharge from the WCM to the 
alluvium, while in others the opposite occurs. Some studies have proposed that the 
presence of Na-Cl water types and/or increases in salinity in the alluvium are 
indicators of discharge from the WCM to the alluvium, but the theory remains 
speculative (Huxley 1982; Hillier 2012; Dafny et al. 2013).  
Predominantly biogenic coal seam gas (CSG) reserves in the underlying WCM 
represent a significant economic resource and a number of companies have recently 
commenced gas production (Draper et al. 2006; Golding et al. 2013; Hamilton et al. 
2014). Production of coal seam gas requires large volumes of water to be extracted 
from the coal seam, in order to reduce hydrostatic pressure and allow the gas to be 
extracted.  Combined with the influence of drawdown due to agricultural 
development, the extraction of water for CSG production raises some concerns about 
aquifer connectivity. While the primary gas reservoir that underlies the Condamine 
catchment is relatively shallow compared to some other areas in the Surat Basin, 
commercial reserves in the Condamine catchment are relatively deep (300-400 m) 
when compared to the maximum alluvium depth (130 m).  
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Figure 5.1 Upper Condamine catchment, Queensland, Australia. The Marburg Subgroup consists of: 
Gatton Sandstone and the Koukandowie Formation, herein undifferentiated. The Kumbarilla Beds consists of: 
Springbok Sandstone, Mooga Sandstone, Orallo Formation, Gubberamunda Sandstone and Bungil Formation, 
herein undifferentiated. 
5.3 DATA PROCESSING AND ANALYSES 
5.3.1 Database development and validation 
Two data sets containing hydrochemical data from groundwater wells in the upper 
Condamine catchment were combined for analysis in this study: 1) approximately 40 
years of groundwater monitoring data for bedrock and alluvial aquifers from the 
Queensland Government’s groundwater database (QLD GWDB) (1976 - 2011), and 
2) recent hydrochemical data for coal seam gas groundwater in the WCM (= CSG 
groundwater data set), provided by Arrow Energy (2011-2012).  
Prior to selection of wells for inclusion in the data set, drill logs in the QLD GWDB 
were thoroughly assessed manually to validate the aquifer in which the screened 
interval occurs. Wells with multiple screens, screens that cross boundaries between 
geological formations, had multiple pipes in the same drill hole, or those that had 
screen lengths > 10 m were excluded from the data set. This refined data set was then 
combined with the CSG groundwater data set. Where charge balances errors 
exceeded ±5%, the entire sample was removed from the dataset.   
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The following parameters were selected for statistical analyses: specific electrical 
conductance (EC), pH and the major ions Na
+
, K
+
, Ca
2+
, Mg
2+
, HCO3
-
, Cl
-
, SO4
2-
 as 
well as reactive silica (SiO2) and F
-
. Only those samples where values for the full 
suite of parameters were available were used in the final data set. The final data set 
comprised 1567 water samples from 885 wells screened across various geological 
formations and depths (Table 5.1).  
Table 5.1 Number of wells and groundwater samples from different geological formations 
  
TOTAL No. 
WELLS 
TOTAL No. 
SAMPLES 
Alluvium 542 998 
MRV (basalts) 147 229 
Kumbarilla 
Beds 
8 10 
WCM 53 71 
CSG (WCM) 63 113 
Marburg 
Subgroup 
66 79 
Total  879 1500 
MRV = Main Range Volcanics. WCM = Walloon Coal Measures wells not related to coal seam gas 
extraction. CSG (WCM) = Walloon Coal Measures wells associated with coal seam gas extraction, 
e.g. production or exploration bores. 
5.3.2 Multivariate statistics 
Censored data 
Approximately 5% of sulfate concentrations in the data set were below the detection 
limit (<1 mg/L), all of which occurred within the CSG groundwater data set and 
relate to the same analytical method. Replacement values for all sulfate 
concentrations below detection limit for CSG groundwater were determined via the 
method described in Owen et al. (2015c). This involved replacing censored data with 
a value of 0.9 mg/L. In addition, a reverse Kaplan Meier test was performed on 
sulfate values of the CSG dataset for this study, with the calculated mean sulfate 
concentration of the CSG data set also being 0.9 (Helsel 2015).  
The approach to censored sulfate values recognises that sulfate concentrations < 
1mg/L are typical of optimal conditions for methanogenesis in coal seams. The 
approach did not influence comparisons between the CSG data set and other 
groundwater samples because groundwater from non-CSG aquifers did not have 
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sulfate values < 1 mg/L (i.e. the CSG groundwater is defined as a distinct low sulfate 
(<1mg/L) end member). No other replacements values were made for any other 
parameters.  
Statistical analyses 
Prior to the multivariate statistical analysis, all data, with the exception of pH, were 
log transformed to improve symmetry, and z-standardisation was used to reduce the 
variability in the numerical value between parameters.   
Q-mode HCA was used to identify broad hydrochemical groups, by classifying 
observations into groups based on similarity (Templ et al. 2008). The nearest 
neighbour linkage method was used to determine data outliers and Ward’s linkage 
method and the Squared Euclidean distance metric was used to assign samples into 
clusters (Hair et al. 2006; Daughney et al. 2011; Raiber et al. 2012; King et al. 2013; 
Moya et al. 2015).  
Principal component analysis (PCA) was applied to individual HCA clusters to 
describe variability within hydrochemical facies using the Kaiser criterion:, only 
principal components (PCs) with eigenvalues > 1 are retained (Kaiser 1960; 
Stetzenbach et al. 1999; Thyne et al. 1999; Güler et al. 2002; Hair et al. 2006). 
Component loadings represent the participation of the variables in each principal 
component and can be used to calculate a score for each observation (water sample) 
for any given principal component (Stetzenbach et al. 1999; Güler et al. 2002).   
All multivariate statistical analyses were performed using the software 
STATGRAPHICS Centurion XVI (StatPoint Technologies, Inc. Version 16.2.04). 
5.3.3 Comparing major ion ratios 
The cation-chloride ratio (CCR) index is used to allow simultaneous comparisons of 
major ion ratios, with respect to chloride, and to improve the ability to investigate 
hydrochemical variability within and between statistical cluster groups. The CCR 
index reflects the shifts in major cation concentrations relative to chloride 
concentrations and is calculated by equation 5.1: 
(5.1)  CCR index = (Ca+Mg/Cl) - (Na+K/Cl)     
where all ion concentrations are represented by meq/L  
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Groundwater with calcium and magnesium as the dominant cations are represented 
by a positive CCR index, while those with sodium as the dominant cation are 
represented by a negative CCR index. Where changes in chloride concentrations 
accompany changes in major cation concentrations, the CCR index is unlikely to be 
> 1 or < -1. Processes that result in a CCR index in this range represent the balance 
of the ionic charge of total cations by the chloride anion.  Where changes in major 
cation concentrations occur independently of chloride, for example those associated 
with bicarbonate concentrations, the CCR index may exceed 1, or be < -1. 
5.3.4 Geochemical modelling 
In order to simulate hydrochemical mixing and groundwater evolution along 
potential flow paths, simple mixing models and inverse modelling techniques using 
the thermodynamic hydrochemical program PHREEQC (PHREEQC Interactive, 
version 3.1.1-8288) was used (Parkhurst et al. 1999). The program offers the ability 
to assess mass balance and phase mole transfers of hydrochemical solutions under 
different scenarios. Inverse modelling scenarios test the hypothesis that the evolution 
of a final solution can evolve from an initial solution via the prescribed phase mole 
transfers and associated dissolution/precipitation constraints. The solutions used in 
inverse modelling scenarios were mean values of statistical cluster groups, rainfall 
weighted averages from Toowoomba (Crosbie et al. 2012), or the mean of historical 
river chemistry data collected at local stream gauging stations (GS) by the 
Queensland government. Similar approaches combining mean values from 
multivariate statistical results and inverse modelling to characterise geochemical 
processes have previously been applied (Güler et al. 2004; Belkhiri et al. 2010; 
Carucci et al. 2012).  
The mean temperature of alluvial groundwater solutions used in geochemical 
modelling was assumed to be 21.1
 o
C, which represents an approximate mean of 
measured values recorded by the authors during recent field work.  
The minerals selected for inverse modelling were based on observations of alluvial 
mineral content and on previous mineralogical reports for basalt and sedimentary 
bedrock features (Stevens 1965; Huxley 1982; Grigorescu 2011). The standard 
kinetic dissolution equations provided in the PHREEQC database were used, with 
the exception of andesine, olivine, trona and organic matter (CH2O); the kinetic 
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dissolution equations for these latter phases are provided below (equations 5.2, 5.3, 
5.4 and 5.5, respectively).  
Andesine 
(5.2)  Na0.7Ca0.3Al1.3Si2.7O8 + 5.2H
+
 + 2.8H2O =  
0.7Na
+
 + 0.3Ca
2+
 +1.3Al
3+
 + 2.7H4SiO4  
Olivine  
(5.3)  Mg2SiO4 + 4H+ = 2Mg
2+
 + H4SiO4      
  
Trona 
(5.4) Na3H(CO3)2·2H2O + 1H
+
 = 2HCO3- + 3Na
+
 + 2H2O    
(Blanc et al. 2011) 
 
Organic matter 
(5.5) CH2O + H2O = CO2 + 4H
+
 + 4e-       
(Parkhurst et al. 2012) 
 
Trona, a sodium carbonate that may precipitate in sodic alkaline soils (Datta et al. 
2002), was included to account for the potential influence of diffuse recharge through 
sodic alkaline soils. Organic matter dissolution kinetics were considered as a possible 
phase due to the possibility that organic matter in the alluvial matrix, such as coal 
debris (as reported by Huxley  (1982)) or modern organic complexes that could 
provide a source CO2; however, there was insufficient data to consider redox states 
for specific reactions. The inclusion of H2O(g) (water gas phase) simulates the phase 
mole transfer associated with evaporation/evapotranspiration (NB: PHREEQC 
considers evaporation and evapotranspiration do not alter ion ratios).  
The uncertainty for all parameters were set at 2.5% for all inverse models, with the 
exception of pH (10%). The models represent statistical measurements of model 
certainty, where the fractional error is less than the defined uncertainty limit (2.5%). 
Results of the inverse modelling are presented as phase mole transfers, with positive 
values representing dissolution (mass entering water) and negative values 
representing precipitation (mass leaving water). 
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5.4 RESULTS AND DISCUSSION 
5.4.1 Major hydrochemical facies 
Hierarchical cluster analysis showed that the hydrochemistry of groundwater in the 
upper Condamine catchment is characterised by three broad hydrochemical groups: 
Clusters A, B and C (Table 5.2 and Figure 5.2). These broad hydrochemical facies 
are distinguished by three major hydrochemical characteristics:  
CSG water types and other similar water types in bedrock aquifers (Cluster A);  
Brackish water types with variable major ion composition (Cluster B); and  
Low salinity water types with variable major ion composition (Cluster C).  
Subclusters were identified by lowering the distance separation threshold on the 
HCA dendrogram and a subsequent iterative process used to asses median pH, EC 
and major ion ratios, similar to that employed by King et al. (2013).  
Table 5.2 Median values and the total number of samples from each geological feature in major 
clusters.  Major ion ratios calculated from meq/L.  
MEDIAN VALUES OF MAJOR CLUSTERS 
  A B C 
EC µS/cm 6870 2650 870 
pH 8.4 8.0 8.1 
Na + K / Ca + Mg 114.14 1.32 0.93 
HCO3 + CO3 / Cl 0.55 0.45 2.30 
No. OF SAMPLES FROM EACH AQUIFER PER 
CLUSTER 
Alluvium 1 447 550 
MRV (basalts) 0 88 141 
Kumbarilla Beds 7 0 3 
WCM 6 38 27 
CSG (WCM) 113 0 0 
Marburg Subgroup 0 45 34 
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Figure 5.2 Spatial distribution of alluvial, sedimentary bedrock and basalt water samples for major 
HCA clusters. 
Potential connectivity between the alluvium and CSG groundwater (Cluster A) 
CSG hydrochemical signatures in the alluvium 
The inclusion of a single alluvial water sample in Cluster A from a shallow (~25 m) 
well (well ID 42231169) near Millmerran (see Figure 5.2) is peculiar given the 
shallow depth of this well and the fact that the majority of other alluvial water 
samples in the vicinity were placed in Cluster C during the HCA. In total six 
replicate samples taken at the alluvial well 42231169 over 20 years (1988-2007) 
were included in the data set; only one of these replicate water samples (2005) was 
placed in Cluster A during the HCA and it clearly exhibits the characteristic 
hydrochemistry of CSG groundwater, being a Na-HCO3-Cl water type with reduced 
sulfate, depleted calcium and magnesium concentrations. This contrasts with the 
hydrochemistry of other water samples from the same well (Figure 5.3a).  
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Figure 5.3 a) Schoeller plot for major ion concentrations (mg/L) for water samples from well 
42231169; and b) Ion ratios for water samples from well 42231169 and Cluster A median values 
(calculated from mmol/L).  
However, the shifts in ion ratios for the 2005 water sample from well 42231169 are 
not entirely consistent with median ion ratios of Cluster A (Figure 5.3b). Combined 
with the relatively high bicarbonate concentrations for the 2005 water sample, these 
results suggest an influence of fluoride, sodium and calcium and magnesium 
concentrations on the HCA result. 
Groundwater mixing scenarios 
A number of simple mixing scenarios were performed to test the likelihood that the 
hydrochemistry of 2005 water sample from well 42231169 was due to the influx of 
CSG groundwater from the WCM. (see Table 5.3). P1 represents the hydrochemistry 
of the nearby privately-owned WCM well, which was placed in Cluster A also, and 
occurs on the opposite alluvial margin, potential up-gradient of well 42231169 (see 
Figure 5.2). Each mixing scenario assumed that no calcite was available for 
dissolution once any carbonate precipitation occurs. In both scenarios the 
temperature of the CSG groundwater solution was assumed to be 25
o
C. 
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Table 5.3 Mixing scenarios 
Scenario CSG hydrochemical solution Alluvial solution Mixing ratio % 
Alluvial : CSG 
1a Median ion concentrations and 
median pH of Cluster A water 
samples 
Median ion concentrations and pH of 
water samples from well 42231169  
(excluding the 2005 water sample) 
90 : 10 
1b Median ion concentrations and 
median pH of Cluster A water 
samples 
As above 80 : 20 
2a Measured ion concentrations and pH 
of well P1 
As above 90 : 10 
2b Measured ion concentrations and pH 
of well P1 
As above 80 : 20 
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Simulated mixing scenarios, under both mixing ratios, did not produce similar 
hydrochemical responses to the 2005 water sample from well 42231169, particularly 
for calcium and magnesium, fluoride and nitrate (Figures 4.4a and b). Combined 
with the major ion ratio results (Figure 5.3b), the mixing scenario results demonstrate 
that the similarities in hydrochemistry between the 2005 water sample from well 
42231169 and other Cluster A water samples is not likely to be the result of inter-
aquifer mixing. Mixing between CSG groundwater and alluvial groundwater in this 
area is not capable of maintaining the depleted calcium and magnesium 
concentrations, or the high fluoride concentrations, observed for the 2005 water 
sample. Furthermore, the pH values (not shown in Figure 5.4) were also consistently 
~7.5-7.7 for all mixing scenarios, contrasting with a pH value of 8.2 for the 2005 
water sample. The relatively higher fluoride concentration for the 2005 water sample 
suggests a possible anthropogenic influence, such as the influence of phosphate 
fertilizers, which may cause some fluoride contamination (Brindha et al. 2011). 
Lower chloride concentrations for the 2006 and 2007 water samples, when compared 
to the 2005 water sample, suggests the flushing of lower salinity water to the shallow 
water table occurs at this site.  
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Figure 5.4. Schoeller plots showing major ion concentrations for the 2005 water sample and a) mixing 
scenarios 1a and 1b; and b) mixing scenarios 2a and 2b. 
Low salinity alluvial groundwater (Cluster C) 
Low salinity hydrochemical facies  
The low EC water samples of Cluster C occur in all aquifer types but they are 
dominant in the alluvium from Millmerran to Cecil Plains (Figure 5.2). Six 
subclusters within Cluster C were identified: subclusters C1, C2, C3, C4, C5 and C6 
(Table 5.4). Three principal components with eigenvalues > 1 were identified for the 
Cluster C data set using PCA (Figure 5.6), with principal components (PC) 1 and 2 
accounting for ~52% of the total variance (Figure 5).  
Figures 5.6a to c plot the PC scores for each Cluster 3 subcluster for alluvial, basalt 
and sedimentary bedrock aquifers respectively. Two major alluvial hydrochemical 
facies are observed from PC loadings and PC score plots (Figure 5.6a):  
Those with negative PC1 scores representing low EC groundwater with high calcium 
and magnesium cation compositions (subclusters C1, C2, C3 and C4); and  
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those with positive PC1 scores representing relatively higher EC groundwater that 
are associated with an enrichment of sodium, bicarbonate and/or chloride ions 
(subclusters C5 and C6).   
Table 5.4 Number of water samples for each geological feature, and the median values for alluvial 
water samples per, Cluster C subclusters.  Residual alkalinity = (HCO3 + CO3) – (Ca + Mg). All major 
ion ratios and residual alkalinity calculated from meq/L.  
  C1 C2 C3 C4 C5 C6 
Number of samples from each geological feature per subcluster 
Alluvium 97 65 146 169 41 31 
MRV (basalts) 4 9 55 20 5 48 
Kumbarilla Beds 0 0 0 0 0 4 
WCM 0 0 2 3 1 21 
CSG (WCM) 0 0 0 0 0 0 
Marburg Subgroup 0 1 2 5 3 23 
Median values for alluvial samples per subcluster 
EC μS/cm 990 662 830 810 1150 1200 
pH 8.1 7.9 8.2 7.6 8.4 8.3 
SiO2 mmol 0.58 0.63 0.58 0.64 0.53 0.29 
Na / Cl 1.18 2.21 1.88 1.44 2.17 1.98 
HCO3 + CO3 / Cl 3.46 3.44 2.53 2.51 1.56 1.78 
Na + K / Ca + Mg 0.32 0.94 1.11 0.84 3.31 5.38 
Na / HCO3 + CO3 0.32 0.60 0.78 0.65 1.26 1.31 
Residual alkalinity 0.45 2.06 1.80 0.96 4.28 4.60 
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Figure 5.5 Eigenvalues, percentage of explained variance and component weightings for principal 
components of Cluster C data set.   
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Figure 5.6 Principal component scores for PC1 and PC2 of Cluster C subclusters for water samples 
from: a) alluvium; b) basalts; and c) sedimentary bedrock.  
Ca-Mg-HCO3 groundwater in headwater tributaries 
Subcluster C1 is dominated by alluvial water samples (94) (Table 5.4) from the 
headwater tributaries that drain the basalt extrusions in the Main Ranges from 
Killarney to Ellangowan. With the exception of two C1 water samples in the 
upstream headwaters of Myall Creek (north east of Dalby), this water type does not 
occur anywhere else in the study area. Relatively low Na+K/Ca+Mg ratios and 
negative PC1 and positive PC2 loadings (Figure 5.6a and Table 5.4) demonstrate the 
influence of calcium, magnesium and silica on this hydrochemical water type, which 
is indicative of the weathering of basalt minerals, such as olivine and calcic-
plagioclase (Stoessell et al. 1978; Hem 1985; Eggleton et al. 1987; Locsey et al. 
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2000; Locsey et al. 2012). Yet, this hydrochemical facie is uncommon in basalt 
aquifers. In these upstream tributaries where C1 water types are typical the alluvial 
lithology is likely to consist of weathered basalt material, and runoff from basalt 
outcrops may also provide a calcium and magnesium loading to these alluvial 
tributaries. Huxley (1982) noted stream water in these tributaries also have a 
relatively high magnesium component.   
Low-salinity groundwater in the Condamine alluvium (Millmerran to Cecil Plains) 
Low salinity water types characterised by subclusters C2, C3 and C4 occur in most 
alluvial deposits from the headwaters of the catchment to Dalby, but they are the 
dominant water types in the Condamine alluvium between Millmerran and Cecil 
Plains. The lack of a discernible trend towards increasing EC values in a downstream 
direction in the area implies a consistent source of low salinity groundwater. 
Peculiarly, this zone of the alluvium has also been subject to high rates of water 
extraction for agriculture, and as a result the largest aquifer drawdown in the 
Condamine alluvium also occurs in this area but there has not been a subsequent 
decline in water quality (salinization) as a result.  
Subcluster results and PC scores suggest C2, and more so C3 and C4, alluvial water 
types are associated with similar water types in basalt aquifers (Figures 5.6a and b), 
but these low salinity water types also occur on the western alluvial margin, away 
from basalt outcrops (Figure 5.7a). A spatial cluster of C2 water samples occurs in 
the alluvium near Cecil Plains and in isolated shallow cases in shallow wells (<25m), 
such as in Oakey Creek, near Oakey, near Millmerran and at Bowenville (Figure 
5.7a). These water types are characterised by EC values between 400 and 780 µS/cm, 
suggesting local meteoric recharge. The C3 and C4 water types in the area around 
Cecil Plains also have a low EC range (~600-800 µS/cm), and the PC score overlap 
between C2, C3 and C4 clusters (Figure 5.6a) shows a subtle difference in major ion 
composition and pH that may be indicative of the influence of intermittent recharge 
events and subsequent hydrochemical changes during wet and dry periods. Despite 
evidence of shallow recharge, no relationship between depth and C2, C3 or C4 major 
ion composition or EC was observed, with C3 and C4 water samples with EC <1000 
µS/cm occurring in wells as deep as 90m.  
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Figure 5.7 Subcluster C2, C3&C4, C5 and C6 alluvial water samples from the Condamine alluvium 
from Millmerran to Dalby showing: a) spatial distribution and CCR index; b) CCR index versus 
HCO3 + CO3 / Cl ratio; and c) residual alkalinity versus chloride concentrations. C3&C4 represent the 
combination of C3 and C4 subclusters. CCR index and residual alkalinity are calculated from meq/L, 
where CCR index = (Ca+Mg/Cl) - (Na+K/Cl); and residual alkalinity = (HCO3 + CO3) – (Ca + Mg). * 
= an 3 outlier samples from the same well not shown in Figure b): the CCR index and HCO3 + CO3 
/Cl values for these 3 samples = 0.9 and 20.6; -2.9 and 23.0; 10.4 and 26.0, respectively.  
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Sources of sodium in low salinity water types - Millmerran to Cecil Plains 
A distinct boundary between water samples with positive and high CCR index values 
(Ca-Mg-HCO3) in the east of the alluvium and those with low and negative CCR 
index values (Na-Cl-HCO3 or Na-HCO3) on the western side of the alluvium 
suggests an interface zone of low salinity groundwater that has evolved along 
different process pathways (Figure 5.7a and b). Inverse modelling scenarios using 
rainfall, river chemistry, and the mean [C2,C3&C4] water types from basalt aquifers 
(to the east) as the hydrochemical starting points were applied to assess the 
hydrochemical evolution of these water types in shallow (<45m) wells in the area.  
The single model produced under scenarios where river chemistry was the 
hydrochemical starting point provides a better fit for the evolution of [C2,C3&C4] 
water types with both positive and negative CCR index values (Tables 5a(i) and 
5a(iii)), when compared to rainfall scenarios (10 and 6 models respectively). 
However, given the very low EC of some alluvial water samples, diffuse recharge of 
rainfall remains a potentially valid hydrochemical pathway.  
Andesine and albite weathering is similar between scenarios and are unlikely to 
account for spatial differences in the cation composition (CCR index). Instead, the 
boundary of positive and negative CCR index values appears to be related to higher 
sodium and bicarbonate contributions (trona dissolution). This suggests an influence 
from sodosols and/or the sandy, weathered bedrock/colluvium on the western flank 
that is associated with a diffuse recharge process (Huxley 1982; Condamine Alliance 
2014a; Condamine Alliance 2014b) (Table 5.5a(iii)). In addition, runoff from the 
basalt outcrop, and/or stream flow from tributaries, to the east that are influenced by 
olivine weathering during wet periods could also be contributing to positive CCR 
index value on the eastern margin (Table 5.5a(ii)). Olivine phase mole transfers were 
not observed for water types with negative CCR index values.  
No models were found when the mean of [C2,C3&C4] water types from basalt 
aquifers were used as the hydrochemical starting point for the evolution of shallow or 
deep alluvial C2,C3&C4 water types, despite the potential for basalt discharge to the 
east (Huxley 1982), and similarities between alluvial and basalt C3 and C4 water 
types (Figures 5.6a and b). However, logical basalt end members could not be 
defined without describing a chloride sink in inverse modelling scenarios, which is 
unrealistic. Inverse modelling scenarios for river water recharge to deep alluvial C3 
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and C4 water types were also run (10 models) but trona dissolution was typical. 
Results suggest a loading/source of bicarbonate in both shallow and deep areas. 
Recharge of river water is synonymous with losing-stream scenarios described by 
others (Huxley 1982; Barnett et al. 2012); however, similar low salinity water types 
occur up to 12km from the river. Inverse modelling results show that, in addition to 
river water, there must also be a sodium and bicarbonate loading to reach the alluvial 
hydrochemical end members. Combinations of losing stream scenarios, diffuse 
recharge via sodic alkaline soils (river and rainfall), dissolution of insitu carbonates 
and discharge of low salinity Na-HCO3 water types from deep basalt and/or bedrock 
aquifers are potentially occurring, and further work using isotope tracers would help 
constrain the contributions of different sources.  
Low-salinity Na-HCO3 water types  
The shift towards negative CCR index values of C3 and C4 water types at Cecil 
Plains, and then the dominance of Na-HCO3 (C5 and C6) low-salinity water types 
further downstream C5 water samples in the Condamine alluvium (Figure 5.7a) 
coincide with both a reduction in hydraulic conductivity and a shift in the alluvial 
lithology that is represented by the incision of bedrock by the alluvium (Huxley 
1982; Hansen 1999).  
Huxley (1982) proposed that sedimentary bedrock discharge could be influencing 
Na-HCO3 water types in the alluvium. The multivariate statistical analyses shown in 
this study indicate that C5 water types are typical of alluvial groundwater (Figure 
5.6a and 5.7a) but C6 water types occur in both alluvial and sedimentary bedrock 
aquifers. Upstream of Warwick alluvial C6 water types occur near sedimentary 
bedrock outcrops, suggesting some aquifer mixing in this area. Yet, in areas 
downstream of Cecil Plains no spatial relationship between alluvial and bedrock C6 
water samples was observed. Basalt C6 water samples occur on the ranges near 
Toowoomba; these are Na-HCO3-Cl water types characterised low EC but exhibit the 
highest SO4/Cl ratios of all low-salinity water types in any aquifer (negative PC1 and 
PC2 scores) (Figure 5.6b).  For alluvial and bedrock water samples, higher PC1 
scores show a stronger influence of chloride on C6 water samples, when compared to 
C5 water samples and C6 basalt water samples.  
The evolution of the C5 water in shallow (<40m) alluvial wells near Dalby can be 
explained by recharge of river water (GS422333A) with gypsum dissolution under 
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recharge of river water scenarios (6 models: Table 5.5b). At Oakey, recharge of 
rainfall allowed fewer significant models to be described (3), when compared to 
recharge of river water, but in contrast to Dalby, gypsum precipitation was observed 
(3 models - Table 5.5c). Under both rainfall and river water scenarios at Dalby, trona 
dissolution was often observed, suggesting diffuse recharge via overlying sodic soils 
is influencing alluvial hydrochemistry, but at Oakey the contribution of sodium 
carbonates was only observed for one diffuse rainfall recharge scenario. 
In these shallow (<40m) alluvial zones, the evolution of C6 water types from C5 
water types at Dalby can also be readily explained by fluorite dissolution, gypsum 
and the removal of magnesium via dolomite precipitation or cation exchange (2 
models - Table 5.5d). No phase mole transfers for H2O(g) for these scenarios indicate 
that increases in chloride concentrations are not needed to account for shifts from C5 
to C6 water types in shallow zones (Table 5.5d), despite higher PC2 scores (Figure 
5.6a). The result shows the influence of fluoride on shallow C6 water types and 
indicates that these low-salinity Na-HCO3 water types can evolve insitu in shallow 
alluvial zones in areas away from basalt outcrops, and are probably associated with 
diffuse recharge inputs such as river water and/or rainfall.  
In contrast the evolution of C5 to C6 water types at depths (>40m) require chloride to 
be concentrated via evapotranspiration (3 models) or halite dissolution (12 models). 
Halite is not likely to occur in the study area, and evapotranspiration is likely to be 
low in deeper areas: the result simply shows that small additions of chloride are 
needed for the phase mole transfer reaction. Remnant aeolian-derived salts (Acworth 
et al. 1997; Jankowski et al. 1997; Acworth et al. 2001) or more saline pockets in 
clay lenses could provide the additional Na-Cl required to balance the phase mole 
transfer reaction for C6 water type evolution. Alternatively, regular flushing of salts 
from shallow zones that have possibly accumulated under evapotranspiration could 
provide this chloride loading. We suggest the latter scenario is more likely, given that 
fewer significant models (3) were found when H2O(g) was included as a possible 
mineral phase, when compared to the number of significant models found when 
H2O(g) was replaced with halite dissolution (12).  
Bedrock end members that could be used as hydrochemical starting points for the 
evolution of C5/C6 water types in the alluvium were not observed and the spatial 
occurrence of these water types did not justify exploring this bedrock-alluvial flow 
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path in inverse modelling scenarios. Four C6 water types occur in the Kumbarilla 
Beds (Table 5.4), but only one alluvial C6 water sample occurs in deep alluvial zones 
(~100m) in an area where the alluvium has heavily incised the bedrock. The drill log 
for this bore shows clear evidence of shallow bedrock weathering so the evolution of 
similar water types in the alluvium and adjacent sedimentary bedrock here is not 
surprising. Two isolated C6 water samples also occur on the eastern edge of Cecil 
Plains, well 42231370 and a privately owned well (Figure 5.7a). These wells are 
screened in the alluvium but were originally drilled into the underlying WCM, and 
may represent leaky well or cap failure. Overall, most C6 water samples that occur in 
deep wells (>45m) are clearly screened within the alluvium and the well drill did not 
extend beyond the screen depth. In any case, C6 alluvial water samples do not 
represent a major alluvial hydrochemical facie, either in deep or shallow wells. 
Increasing the number of wells in the shallow bedrock on the western alluvial margin 
may better constrain possible bedrock-alluvium flow paths and their potential 
influence on alluvial hydrochemistry at alluvial margins. 
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Table 5.5 Inverse modelling results for the evolution of low-salinity (Cluster C) water types under different phase mole reaction pathways. 
  
 
Mineral phases Calcite Dolomite Gypsum Fluorite Kaolinite Ca-montmorillonite Illite Gibbsite K-feldspar Iron hydroxide CO2(g) CH2O H2O(g) CaX2 NaX MgX2 Quartz Andesine Albite Trona Olivine
Constraint x x dissolve precipitate precipitate precipitate precipitate precipitate dissolve x x x precipitate NA NA NA dissolve dissolve dissolve dissolve dissolve
(i)  - 2.25E-04 2.95E-05 -4.22E-06  -  - -1.73E-04  -  -  - 1.15E-03 -3.44E+01  - 3.05E-04  - 4.64E-04 NA
(ii) 3.28E-04  - 3.61E-05 -3.53E-06  -  - -1.40E-04  -  -  - 1.45E-03  - -2.59E+01  - 2.47E-04  - 5.52E-04 1.11E-04
(iii)  - -1.98E-04 2.36E-05 -4.21E-06  -  - -1.86E-04  -  -  - 6.67E-04  - -3.45E+01  - 3.28E-04  - 7.64E-04  -
Mineral phases Calcite Dolomite Gypsum Fluorite Kaolinite Ca-montmorillonite Illite Gibbsite K-feldspar Iron hydroxide CO2(g) CH2O H2O(g) CaX2 NaX MgX2 Quartz Andesine Albite Trona
Constraint x x dissolve precipitate precipitate precipitate precipitate precipitate dissolve x x x precipitate precipitate dissolve precipitate dissolve dissolve dissolve dissolve
3.71E-03  - 3.39E-04  -  -  - -2.41E-04  -  -  -  -  -  - -4.47E-03 8.95E-03  -  - 4.26E-04  -  -
 - -6.39E-04 3.39E-04  -  -  - -2.04E-04  -  -  -  -  -  -  -  -  -  - 3.60E-04  - 3.01E-03
-4.93E-03 4.16E-03 3.39E-04  -  -  - -2.41E-04  -  -  -  -  -  -  - 8.98E-03 -4.49E-03 4.26E-04  -  -
-7.69E-04  - 3.39E-04  -  -  - -2.41E-04  -  -  -  -  -  -  -  -  -  - 4.26E-04  - 2.98E-03
 - 1.70E-03 3.39E-04  -  -  - -2.41E-04  -  -  -  -  -  - -2.46E-03 8.98E-03 -2.03E-03  - 4.26E-04  -  -
 -  - 3.39E-04  -  -  - -2.41E-04  -  -  -  -  -  - -7.69E-04 1.54E-03  -  - 4.26E-04  - 2.47E-03
Mineral phases Calcite Dolomite Gypsum Fluorite Kaolinite Ca-montmorillonite Illite Gibbsite K-feldspar Iron hydroxide CO2(g) CH2O H2O(g) CaX2 NaX MgX2 Quartz Andesine Albite Trona
Constraint x x x x precipitate precipitate precipitate precipitate dissolve x x x precipitate precipitate dissolve precipitate dissolve dissolve dissolve dissolve
-3.78E-03 3.47E-03 -5.94E-04 5.40E-06  -  - -4.75E-04  -  -  - -1.57E-02  - -3.92E+03 4.01E-03 -2.00E-03  - 8.41E-04  -  -
 - 1.59E-03 -5.94E-04 5.40E-06  -  - -4.75E-04  -  -  - -1.57E-02  - -3.92E+03 -1.89E-03 3.78E-03  -  - 8.41E-04  -  -
4.64E-04  - -8.84E-04 2.33E-06  -  - -4.63E-04  -  -  - -1.88E-02  - -4.39E+03  -  -  -  - 8.19E-04  - 1.45E-03
Mineral phases Calcite Dolomite Gypsum Fluorite Kaolinite Ca-montmorillonite Illite Gibbsite K-feldspar Iron hydroxide CO2(g) CH2O H2O(g) CaX2 NaX MgX2 Quartz Andesine Albite Trona
Constraint x x x x precipitate precipitate precipitate precipitate dissolve x x x precipitate precipitate dissolve precipitate x dissolve dissolve dissolve
Phase mole transfer  - -1.91E-04 -1.09E-04 6.98E-06  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -
 -  - -1.96E-04 6.98E-06  -  -  -  -  -  -  -  -  -  - 5.21E-04 -2.61E-04  -  -  -  -
5d                 Dalby: C5 water types (<40m) to C6 water types (<40m)                                                                                                    
Phase mole reaction pathway = Location: initial solution to final solution. Unless specified, all subcluster water types are defined by the mean of relevant subcluster at each location. GS = river gauging station. NA = not applicable to phase reaction transfer model. 
Constraints: dissolve = mineral phase to dissolve until saturation; precipitate = mineral phase to precipitate at saturation; x = no constraint. 
Phase mole tansfers: positive = dissolution; negative = precipitation; - no phase mole transfer.
Phase mole 
transfer 
Phase mole 
transfer 
Phase mole 
transfer 
5b                 Dalby: River water (GS422333A - Condamine River @ Dalby)  to C5 water types (<40m) depths                                                                                                                                        
5c                 Oakey: rainfall weighted averages (Toowoomba) to C5 water types (<30m) depths.                                                           
5a                 Millmerran to Cecil Plains: River water (mean [GS422323A @ Millmerran and GS422316A @ Cecil Plains]) to mean [C2,C3&C4] water types (<45m) with: 
                                                           (i) and (ii) positive CCR index values; and (iii) negative CCR index values.   
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Brackish alluvial groundwater (Cluster B) 
Brackish water hydrochemical facies 
The brackish groundwater of Cluster B occurs in all bedrock aquifers as well as the 
alluvium, although they are generally absent from the alluvium between Millmerran 
and Cecil Plains (Figure 5.2). Six subclusters within Cluster B were identified: 
subclusters B1, B2, B3, B4, B5 and B6 (Table 5.6).  
Three principal components with eigenvalues > 1 were identified using PCA, with 
principal components 1 and 2 accounting for ~55% of the total variance (Figure 5.8). 
Figures 5.9a to c plot the PC scores for each Cluster B subclusters for alluvial, basalt 
and sedimentary bedrock groundwater respectively. Three major alluvial 
hydrochemical characteristics for brackish groundwater can be observed from these 
PC loadings and PC score plots for each subcluster (Figure 5.8 and 5.9a):  
brackish groundwater dominated by silicate weathering and an enrichment of 
calcium and magnesium (positive PC1 and PC2 scores) (B1 and B2);  
brackish groundwater characterised by a distinct enrichment of bicarbonate, an 
increase in pH and an influence of sodium ions (positive PC1 yet negative PC2 
scores) (B3); and 
more saline water types with relatively higher EC values and chloride concentrations 
(negative PC1 scores) (B4, B5, B6). 
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Table 5.6 Number of water samples for each geological feature, and the median values for alluvial 
water samples per, Cluster B subclusters.  Residual alkalinity = (HCO3 + CO3) – (Ca + Mg). All major 
ion ratios and residual alkalinity calculated from meq/L.  
  B1 B2 B3 B4 B5 B6 
Number of samples from each geological feature per subcluster 
Alluvium 26 162 127 99 20 13 
MRV (basalts) 7 56 4 21 0 0 
Kumbarilla 
Beds 0 0 0 0 0 0 
WCM 5 6 1 2 21 0 
CSG (WCM) 0 0 0 0 0 0 
Marburg 
Subgroup 0 10 5 12 18 0 
Median values for alluvial samples per subcluster 
EC μS/cm 2705 1895 2400 3890 3975 13300 
pH 7.7 8.0 8.3 8.0 8.0 7.6 
SiO2 mmol 0.68 0.60 0.50 0.52 0.30 0.58 
Na / Cl 0.47 0.85 1.29 0.88 1.00 0.75 
HCO3 + CO3 / 
Cl 
0.24 0.63 0.55 0.25 0.21 0.06 
Na + K / Ca + 
Mg 
0.64 1.05 3.29 2.19 3.61 1.88 
Na / HCO3 + 
CO3 
2.19 1.31 2.05 3.31 4.44 12.14 
Residual 
alkalinity 
-10.60 -1.97 2.44 -5.39 -1.59 -43.71 
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Figure 5.8 Eigenvalues, percentage of explained variance and component weightings for principal 
components of Cluster B data set.   
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Figure 5.9 Principal component scores for PC1 and PC2 of Cluster B subclusters for water samples 
from: a) alluvium; b) basalts; and c) sedimentary bedrock.  
Brackish groundwater dominated by calcium and magnesium  
Subclusters B1 and B2 represent Ca-Mg-HCO3, Ca-Mg-HCO3-Cl, or Ca-Mg-Cl 
water types. The majority (26) of water samples in subclusters B1 are from alluvial 
wells (Table 5.6) adjacent to basalt outcrops, in the headwaters upstream of Oakey in 
Oakey Creek. A large number of basalt water samples (56) are also represented by 
subcluster B2; this hydrochemical facies is common in the large basalt extrusion near 
Toowoomba. To a lesser degree, B1 and B2 water types also occur in sedimentary 
bedrock aquifers and most likely represent discharge from overlying or adjacent 
basalts. The majority (162) of B2 water samples are represented by alluvial 
groundwater particularly in the headwaters upstream of Warwick, in Oakey Creek, 
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and in the tributaries along the range from Bowenville to Bell and these are 
indicative of the influence of basalt-derived water on alluvial hydrochemistry.  
While B1 and B2 alluvial water types are similar, they represent two different 
hydrochemical pathways: an example of these pathways is most obvious in the 
Oakey Creek alluvium. The lower CCR index values for alluvial B1 and B2 water 
samples shows an ion exchange process occurs within the alluvium, where basalt–
derived Ca-Mg-HCO3  and Ca-MgH-CO3-Cl water types evolve to have higher 
sodium composition (Na-Ca-MgCl-HCO3 water types) (Figure 5.10a). However, B1 
water samples with a positive CCR index are maintained as EC increases and 
bicarbonate is depleted, leading to Ca-Mg-Cl water types (Figure 5.10b). This 
process is spatially restricted to the upper zones of the Oakey Creek alluvium, where 
adjacent basalt outcrops must provide a consistent source of calcium and magnesium 
(Figure 5.11a). In contrast, negative CCR index values for B2 suggest that cation 
exchange processes may occur simultaneously in the Oakey Creek alluvium as 
evapotranspiration proceeds, particularly in areas around Oakey. 
 
Figure 5.10 CCR index values for subcluster B1 and B2 water samples from basalt and alluvium in the 
Oakey Creek subcatchment, versus: a) HCO3 + CO3 / Cl; and b) EC μS/cm. Where CCR index = 
(Ca+Mg/Cl) - (Na+K/Cl) based on ion concentrations of meq/L.  
Distinct shifts towards NaHCO3Cl water types along brackish groundwater 
pathways 
Water samples in subcluster B3 are characterised by Na-HCO3/Na-HCO3-Cl 
groundwater types and the vast majority (127) of these water samples are from 
alluvial wells, either in the Oakey Creek alluvium, or downstream in the main 
alluvium towards Dalby (Figure 5.11a)  
Around the Oakey township, the hydrochemical composition rapidly transitions from 
B2 water types to Na-HCO3-Cl B3 water types that are characterised by positive 
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loading of pH, bicarbonate and to a lesser extent fluoride and sulfate and sodium 
(positive PC1 scores – Figure 5.9a). Unlike B1 and B2 water types, B3 water types 
maintain positive residual alkalinity despite increases in chloride (Figure 5.11a and 
b). Inverse modelling scenarios show that the transition from B2 to B3 water types 
can be explained by the consistent gypsum dissolution and combinations of 
carbonate precipitation, and cation exchange or trona dissolution (5 models - Table 
5.7a). Trona dissolution for some scenarios suggests that there may be an influence 
from the flushing of overlying sodic alkaline soils. Similar transitions from B2 to B3 
water types highlighted in Oakey Creek may also be occurring in areas around 
Dalby, where B2 water samples were also observed upstream in the Myall Creek 
alluvium. However, this pathway doesn’t explain B3 water types in shallow wells 
(<40m) to the west of Dalby.  
Alternatively, inverse modelling results show B3 water types in shallow (<40m) 
wells downstream of Oakey can also evolve from river hydrochemistry 
(GS422332B) via plagioclase and albite weathering, evapotranspiration and cation 
exchange, yet no trona dissolution (5 models - Table 5.7b). Previous observations of 
losing stream conditions in Oakey Creek (Lane 1979) are synonymous with this 
finding and a similar number of significant models suggest river water is a valid 
water source in this area also. Recharge of river water did not explain B3 water types 
at Dalby with a high degree of confidence (18 models), but when the mean of 
shallow (<40m), low-salinity Na-HCO3  C5 water types were prescribed as the initial 
solution, the evolution of shallow B3 water types at Dalby could be explained with 
one simple model (Table 5.7c). Inverse modelling suggested river water recharge as 
a likely pathway for the evolution of the low-salinity C5 water type (see section 
4.1.2). Overall, results suggest a river water → low-salinity Na-HCO3  (C5) → 
brackish Na-HCO3 (B3) pathway.   
Around Dalby, B3 water types occur considerable distances (up to ~10km) from the 
Condamine River or Myall Creek (Figure 5.7a), suggesting an influence from flood 
flows. Irrigation with river water is also a possible input of river water, although 
brief, preliminary work suggests that an insufficient amount of time has passed for 
deep drainage to have reached the water table (Dafny et al. 2013).  
Overall, results suggest either a combination of basalt discharge and/or insitu alluvial 
processes associated with diffuse recharge contribute to the evolution of brackish 
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(B3) Na-HCO3 water types. Bedrock end members that could be used as 
hydrochemical starting points for the evolution of B3 water types in the alluvium 
were not observed and the spatial occurrence of these water types in sedimentary 
bedrock aquifers was sparse and restricted to the ranges near basalt outcrops. The 
occurrence of B1 and B2 water samples in sedimentary bedrock aquifers suggests an 
influence of basalt discharge. In the Moola Creek subcatchment (east of Dalby), 
Huxley (1982) attributed similar Na-Mg-Cl water types in the bedrock and adjacent 
alluvium to bedrock discharge; however, with the exception of dolomite dissolution, 
magnesium sources in the bedrock could be expected to be limited, unlike basalt 
aquifers. These findings by Huxley (1982) may be indicative of a basalt-bedrock-
alluvial flow path, and the results presented here suggest recharging basalt aquifers 
could have a significant influence on both alluvial and bedrock hydrochemistry, and 
could be facilitating alluvial-bedrock interactions: this theory warrants further 
investigation.    
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Figure 5.11 Alluvial brackish water types between Oakey and Dalby, showing a) spatial distribution 
and CCR index for subclusters B1, B2, B3, B4, B5 and B6; b) CCR index versus HCO3 + CO3 / Cl 
ratio for subclusters B1, B2 and B3; and c) residual alkalinity versus chloride concentrations for 
subclusters B1, B2 and B3. CCR index and residual alkalinity are calculated from meq/L, where CCR 
index = (Ca+Mg/Cl) - (Na+K/Cl); and residual alkalinity = (HCO3 + CO3) – (Ca + Mg). 
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Sources of sulfate  
Huxley (1982) suggested that higher sulfate and fluoride concentrations in the 
alluvium were the result of bedrock discharge, particularly at the alluvial margin 
where bedrock outcrops are adjacent. However, results presented here do not show a 
preference for brackish water types high in sulfate or fluoride to occur at alluvial 
margins, but they do show sulfate concentrations are associated with positive EC 
loadings (Figure 5.9a). Sulfate concentrations alone are not very informative as they 
could simply represent the concentration of ions due to increasing salinity. Both 
igneous and sedimentary bedrock can act as sources of sulfate and fluoride (Hem 
1985), but in this study differences between the SO4/Cl ratios for alluvial, bedrock 
and basalt aquifers within each subcluster were not observed, and the variability of 
water types (and PCA scores) within sedimentary bedrock and basalt aquifers shows 
that groundwater both low and relatively higher in sulfate occurs in both aquifers.  
The highest SO4/Cl ratios observed for any water type were for B3 water types, with 
the highest ratios coinciding with CCR index values <-1. This contrasts with other 
more saline water types represented by B5 and B6 that show relatively lower SO4/Cl 
ratios and CCR index values >-1 (Figure 5.12a). Low SO4/Cl ratios for B3 water 
types coincide with positive CCR index values, and these water types tend to occur 
in the tributary headwaters, such as upstream of Oakey. The dominance of B3 water 
types in alluvial aquifers, and the high SO4/Cl ratios and negative CCR index values 
(often <-1) for alluvial B3 water types downstream of Oakey and near Dalby imply a 
sodium and bicarbonate source that is endemic to the alluvium and that is often 
associated with a source of sulfate.  
Gypsum precipitation and dissolution under wetting and drying conditions could 
provide both a source and sink of alluvial sulfate, depending on conditions and the 
hydrochemical pathway. Sulfate concentrations in river water at gauging stations in 
Oakey Creek and near Dalby are typically high, being 19.5 mg/L and 14 mg/L, 
respectively, with SO4/Cl ratios being 0.1 and 0.05, respectively. These relatively 
high sulfate concentrations in river water could be the result of a combination of 
SO4/Cl ratios in rainfall, and/or contributions in runoff from basalt or sedimentary 
bedrock outcrops, or anthropogenic sources of sulfate such as gypsum applied for 
agricultural purposes (Hem 1985). The absence of a relationship between SO4/Cl 
ratios or sulfate concentrations with depth in the alluvium for all water types suggests 
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a vertical flushing of solutes may be occurring, and the absence of distinct redox 
conditions in some areas. 
Salinization processes in the alluvium  
Subclusters B4, B5 and B6 represent the most saline water types in the data set. 
Alluvial B4 water types are generally more depleted in calcium and magnesium in 
the alluvium from Oakey to Dalby, resulting in CCR index values between 0 and -1, 
when compared to sedimentary bedrock and basalt B4 water samples (Figure 5.9a to 
c and Figures 5.12a and b).Where B4 water types also occur in basalt and 
sedimentary bedrock aquifers they tend to occur in the headwater tributaries, rather 
than in outcrops adjacent to the main alluvium. Inverse modelling results show that 
the evolution of alluvial B3 water types to B4 water types in shallow zones (<40m) 
in the alluvium both near Dalby (2 models – Table 5.7d(i) and b) and downstream of 
Oakey (1 model – Table 5.7d(iii)), can be explained by gypsum dissolution and 
calcite precipitation in combination with dolomite dissolution evapotranspiration. 
These processes result in CCR index above -1 and a decrease in residual alkalinity as 
chloride increases (Figures 5.12a, b and c).  
The increase in CCR index between B3 and B4 water samples is an important 
observation, as it shows that salinization processes are not associated with the 
evolution of simple Na-Cl water types, rather small increases in the calcium and/or 
magnesium composition that are possibly related to gypsum/fluorite solubility and 
changes in carbonate speciation. It also indicates that that B4 water samples are not 
indicative of mixing with the underlying WCM groundwater that is typically Na-
HCO3-Cl water type, and B4 water types were not observed in bedrock underlying 
the alluvium in this area.  
In some cases, relatively low EC B3 water types are also found in deep areas of the 
alluvium (Figure 5.12d) and, therefore, the flushing of dissolved salts from shallower 
zones must be considered as a possible pathway of B4 water type evolution in deeper 
(>40m) zones. Aeolian-derived remnant salts (Acworth et al. 1997; Jankowski et al. 
1997; Acworth et al. 2001) and/or more saline pockets of groundwater associated 
with clay lenses could contribute to the increase in salinity associated with B4 water 
samples in deep environments.  
The most saline water types observed in this study (B6) occur exclusively in the 
alluvium in shallower wells (14m - 40m), usually at the alluvial edges (Figures 5.11a 
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and 5.12d). Consistent Na/Cl ratios (CCR index values) for this water type indicate 
evapotranspiration, and CCR index values are >-1 show an increase in the calcium 
and magnesium composition when compared to the fresher B3 water types (Figures 
5.12a and b). The strong relationship between decreasing residual alkalinity and 
chloride concentrations for B6 water samples shows a loss of bicarbonate as salinity 
increases similar to that observed for the B3 → B4 pathway (Figure 5.12c).   
 
Figure 5.12 B4, B5 and B6 alluvial water samples, showing: CCR index versus a)  SO4 / Cl and b) EC 
μS/cm; and residual alkalinity versus c) chloride meq/L; and d) well depth (m). CCR index, SO4/Cl 
and residual alkalinity are calculated from meq/L, where CCR index = (Ca+Mg/Cl) - (Na+K/Cl); and 
residual alkalinity = (HCO3 + CO3) – (Ca + Mg). 
Brackish Na-Cl-HCO3 water types 
B5 water types are found in alluvial and bedrock aquifers, including the WCM and 
higher PC1 scores and lower CCR index values show this water type has a reduced 
calcium and magnesium component, when compared to B4 and B6 water types 
(Figures 5.9a to c, and 5.12a and b). Brackish Na-Cl-HCO3 water types are indicative 
of CSG groundwater types found in the WCM and other coal seam gas groundwater 
(Van Voast 2003; Kinnon et al. 2010; Hamawand et al. 2013; Owen et al. 2015c). 
Positive residual alkalinity values persist for B5 water samples in deep wells >80 m, 
but the same phenomenon was observed for B3 and B4 water samples. Spatially, 
there is no obvious relationship between the occurrence of B5 water samples in the 
alluvium and those that occur in sedimentary bedrock aquifers. Three deep (>100m) 
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B5 water samples occur near Dalby (Figure 5.11a), but these wells are clearly 
screened in the alluvium. There is potential for these water types to be influenced by 
relationships with the underlying WCM, but they also occur in shallow (<50m) wells 
near Dalby and Oakey (<30m), and therefore may also evolve from B3 or B5 water 
types via insitu alluvial processes. Furthermore, it is unclear if B5 water types in the 
WCM underlying the alluvium are influenced by downward flux of groundwater of 
alluvial groundwater so it is difficult to infer which pathway is influencing B5 water 
samples in deep zones. Areas where these brackish Na-HCO3-Cl water types occur in 
deep zones could be used to prioritise future research into alluvial-bedrock 
interactions. An isolated B5 water sample east of Cecil Plains (Figure 5.11a) is 
associated with a private well that is screened in the alluvium yet this well was 
drilled into the underlying bedrock, and may represent a leaky well or well cap. 
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Table 5.7 Inverse modelling results for the evolution of brackish (Cluster B) water types under difference phase mole reaction pathways. 
 
Mineral phases Calcite Dolomite Gypsum Fluorite Kaolinite Ca-montmorillonite Illite Gibbsite K-feldspar Iron hydroxide CO2(g) CH2O H2O(g) CaX2 NaX MgX2 Quartz Andesine Albite Trona Olivine
Constraint x x dissolve precipitate precipitate precipitate precipitate precipitate dissolve x x x precipitate precipitate dissolve precipitate dissolve dissolve dissolve dissolve dissolve
-2.38E-03  - 1.12E-03  -  -  -  -  -  -  -  -  - -1.92E+01  -  -  -  -  -  -  -
-5.76E-03 3.48E-03 1.17E-03  -  -  -  -  -  -  -  -  -  -  - 7.99E-03 -4.00E-03  -  -  -  -
 -  - 1.17E-03  -  -  -  -  -  -  -  -  -  - -2.28E-03 4.56E-03  -  -  -  -  -
 - -1.84E-03  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 0.003249
-2.28E-03  - 1.17E-03  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 0.002316
Mineral phases Calcite Dolomite Gypsum Fluorite Kaolinite Ca-montmorillonite Illite Gibbsite K-feldspar Iron hydroxide CO2(g) CH2O H2O(g) CaX2 NaX MgX2 Quartz Andesine Albite Trona
Constraint x x dissolve precipitate precipitate precipitate precipitate precipitate dissolve x x x precipitate precipitate dissolve precipitate x dissolve dissolve dissolve
 -  -  - -9.83E-06  -  - -2.70E-03  -  -  -  -  - -2.46E+02 -3.64E-03 7.27E-03  - -4.24E-03 4.77E-03  -  -
 - -1.75E-03  - -1.44E-05  -  - -2.51E-03  -  -  -  -  - -3.21E+02  -  -  - -9.69E-03  - 5.78E-03  -
-4.62E-03  -  - -1.38E-05  -  - -3.28E-03  -  -  -  -  - -3.10E+02  -  -  - -5.30E-03 5.81E-03  -  -
-2.44E-03  -  - -1.12E-05  -  - -2.90E-03  -  -  -  -  - -2.69E+02  -  -  - -1.08E-02  - 6.67E-03  -
 -  -  - -9.83E-06  -  - -2.70E-03  -  -  -  -  - -2.46E+02 -2.21E-03 4.41E-03  - -9.96E-03  - 6.20E-03  -
Mineral phases Calcite Dolomite Gypsum Fluorite Kaolinite Ca-montmorillonite Illite Gibbsite K-feldspar Iron hydroxide CO2(g) CH2O H2O(g) CaX2 NaX MgX2 Quartz Andesine Albite Trona
Constraint x x dissolve precipitate precipitate precipitate precipitate precipitate dissolve x x x precipitate precipitate dissolve precipitate x dissolve dissolve dissolve
Phase 
mole 
transfer 
-6.08E-04 -1.72E-04 4.24E-04  -  -  -  -  -  -  - -6.91E-03  - -4.86E+01  -  -  - -3.77E-04  -  -  -
Mineral phases Calcite Dolomite Gypsum Fluorite Kaolinite Ca-montmorillonite Illite Gibbsite K-feldspar Iron hydroxide CO2(g) CH2O H2O(g) CaX2 NaX MgX2 Quartz Andesine Albite Trona
Constraint x x x x precipitate precipitate precipitate precipitate dissolve x x x precipitate precipitate dissolve precipitate x dissolve dissolve dissolve
(i) -5.16E-04  - 9.74E-04 -7.9E-06  -  -  -  -  -  - -5.84E-03  - -4.41E+01  -  -  -  -  -  -  -
(ii) -6.37E-04 4.29E-04 1.08E-03 -6.4E-06  -  -  -  -  -  -  -  - -3.05E+01  -  -  -  -  -  -  -
(iii) -5.89E-04 7.73E-04  - -6.5E-06  -  -  -  -  -  -  -  - -1.80E+01  -  -  -  -  -  -  -
Phase 
mole 
transfer 
7d       B3 water types (<40m) to B4 water types (<40m) at: (i) and (ii) Dalby; and (iii) Oakey to Condamine River confluence                                    
Phase mole reaction pathway = Location: initial solution to final solution. Unless specified, all subcluster water types are defined by the mean of relevant subcluster at each location. GS = river gauging station. NA = not applicable to phase reaction transfer model. 
Constraints: dissolve = mineral phase to dissolve until saturation; precipitate = mineral phase to precipitate at saturation; x = no constraint. 
Phase mole tansfers: positive = dissolution; negative = precipitation; - no phase mole transfer.
7a        Oakey to Condamine River confluence: B2 alluvial water types to B3 water types
Phase 
mole 
transfer 
7b        Oakey to Condamine River confluence: River water (GS422332B - Gowrie Creek @ Oakey) to B3 water types (<40m)
Phase 
mole 
transfer 
7c        Dalby: C5 water types (<40m) B3 water types (<40m)                                                                                               
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5.5 CONCLUSIONS 
Using a combination of multivariate statistics, assessment of major ion relationships 
and geochemical modelling the hydrochemical evolution in a large alluvial aquifer, 
the upper Condamine alluvium in eastern Australia was assessed. The alluvial 
aquifer is a critical groundwater resource for irrigated agriculture in the area, and it 
overlies a commercially-viable, shallow coal seam gas (CSG) reserve: as a result 
recharge processes and alluvium-bedrock connectivity were a focus of this study, 
particularly the evolution of Na-HCO3 and Na-HCO3-Cl water types and their 
occurrence in the alluvium.  
In general, no relationships were observed between CSG groundwater in the WCM 
and the alluvial groundwater. Hydrochemical similarities between a shallow alluvial 
groundwater sample and CSG groundwater identified during the hierarchical cluster 
analysis (HCA) were shown to be clustering artefacts caused by the evolution of 
similar water types via different processes. This highlights the risk associated with 
the sole application cluster techniques to identify potential aquifer connectivity in 
CSG-related studies.  
Two distinct water types were found to occur predominantly in the alluvium: 1) a 
low salinity Na-HCO3 water type that occurs near Dalby; and a brackish Na-HCO3-
Cl water type that occurs from Oakey to Dalby and downstream. High sodium 
compositions of low salinity (low chloride) alluvial groundwater also occurs on the 
western edge of the alluvium, from Millmerran to Cecil Plains. Inverse modelling 
shows that these water types can readily evolve insitu in the alluvium from recharge 
of rainfall and river water, or from basalt-derived end member water types, and were 
often associated with the dissolution of sodium carbonates, suggesting a diffuse 
recharge influence from the overlying sodic alkaline soils. Distinct shifts towards the 
Na-HCO3/Na-HCO3-Cl water types in the alluvium were also found to be associated 
with a sulfate source. While similar water types occur in sedimentary bedrock 
outcrops and adjacent alluvial groundwater in some upstream areas, distinct and 
significant influences from sedimentary bedrock groundwater on alluvial 
hydrochemistry were not found downstream of Millmerran.  
The dissolution and precipitation of carbonates and gypsum, as well as 
evapotranspiration are major influences on hydrochemical evolution in the alluvium. 
Increases in calcium as salinity proceeds indicates that Na-HCO3-Cl water types 
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found in underlying coal seams are unlikely to have a major influence on salinization 
of the alluvium. The persistence of Na-HCO3-Cl water types in some deep alluvial 
wells at the alluvial-WCM interface from Cecil Plains to Dalby provide the most 
likely indication of any alluvial-WCM interaction; however, these water types also 
occur in shallower alluvial zones. The most saline water type was found to be 
endemic to shallow areas of the alluvium (13-45m) and is influenced by 
evapotranspiration.  
Further research in the areas of diffuse recharge and deep drainage of irrigation water 
using isotopes and other robust tracers in this catchment would improve the 
understanding of specific recharge processes throughout the alluvium. 
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5.8 A CONCEPTUAL SUMMARY 
Figure 5.13- 5.15 provide a number of maps that allow the hydrochemical findings of 
Chapter 5 – paper 2 to be conceptualised at various depths. This is provided here in 
addition to the information provided in the published paper. Using the CCR index 
developed in this Chapter, Figure 5.13 displays the hydrochemical facies; Figure 
5.14 displays the EC µS/cm; and Figure 5.15 displays the SO4/Cl ratios (meq/L). 
These maps allow the key findings of this chapter to be visualised: in all cases the 
occurrence of Na-HCO3 water types; the highest salinity groundwater; and the 
highest SO4 alluvial groundwater all occur in the shallowest zones. This 
demonstrates that these characteristics are unlikely to be useful for identifying 
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interactions between alluvial and underlying coal measure aquifers, particularly 
salinity and SO4 sources. The persistence of some Na-HCO3 water types with depth 
(see blue in Figure 5.13) between Millmerran and Dalby suggest this is the most 
likely area where alluvial-coal measure connectivity may be occurring. This is 
consistent with previous hydraulic studies (Huxley 1982; KCB 2010), and this area 
becomes the focus of Chapter 7,8 and 9. The occurrence of Na-HCO3 water types 
also raises questions over whether the classification of CSG groundwater as an Na-
HCO3 water type is an effective description of this end member: this is explored 
further in the next chapter, Chapter 6 – paper 3.  
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Figure 5.13 A map of hydrochemical facies in the alluvium, as defined by the CCR index at various 
depths: a) < 20 m; b_ 20-40m; c) 40-80m; d) >80m. The CCR index is defined as (Ca+Mg/Cl) – 
(Na+K/Cl), where all units are in meq/L. The maps were prepared in Surfer version 8 using the 
kriging method. Black dots represent sample points.  
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Figure 5.14 A map of salinity characteristics in the Condamine River alluvium, showing,: a) SO4/Cl molar ratios; and b) EC µS/cm, at various depths, being: i) <20 m; ii) 20-
40m; iii) 40-80m; iv) > 80m. The maps were prepared in Surfer version 8 using the kriging method. Black dots represent sample points.
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Abstract 
Isometric log ratios of proportions of major ions, derived from intuitive sequential 
binary partitions, are used to characterise hydrochemical variability within and 
between coal seam gas (CSG) and surrounding aquifers in a number of sedimentary 
basins in the USA and Australia. These isometric log ratios are the coordinates 
corresponding to an orthonormal basis in the sample space (the simplex). The 
characteristic proportions of ions, as described by linear models of isometric log 
ratios, can be used for a mathematical-descriptive classification of water types. This 
is a more informative and robust method of describing water types than simply 
classifying a water type based on the dominant ions. The approach allows: a) 
compositional distinctions between very similar water types to be made; and b) large 
data sets with a high degree of variability to be rapidly assessed with respect to 
particular relationships/compositions that are of interest. A major advantage of these 
techniques is that major and minor ion components can be comprehensively assessed 
and subtle processes ─ which may be masked by conventional techniques such as 
Stiff diagrams, Piper plots and classic ion ratios ─ can be highlighted. Results show 
that while all CSG groundwaters are dominated by Na, HCO3 and Cl ions, the 
proportions of other ions indicate they can evolve via different means and the 
particular proportions of ions within total or subcompositions can be unique to 
particular basins. Using isometric log ratios, subtle differences in the behaviour of 
Na, K and Cl between CSG water types and very similar Na-HCO3 water types in 
adjacent aquifers are also described. A complementary pair of isometric log ratios, 
derived from a geochemically-intuitive sequential binary partition that is designed to 
reflect compositional variability within and between CSG groundwater, is proposed. 
These isometric log ratios can be used to model a hydrochemical pathway associated 
with methanogenesis and/or to delineate groundwater associated with high gas 
concentrations. 
Key words: coal seam gas, coal bed methane, compositional data analysis, isometric-
log ratios, major ions, water types 
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6.1 INTRODUCTION 
The characterisation of water types first proposed by Chebotarev (1955) provides 
information on water-rock interaction and it has become an important, preliminary 
step in hydrochemical studies. This information is used to inform water resource 
management decisions, for example, conceptual hydrogeological models, or 
monitoring programs.  
Traditionally, water types are classified by their major ion components using 
conventional methods, such as Piper plots, Stiff diagrams or Schoeller plots. Despite 
being commonplace, these types of plots can be visually messy, and the 
concentrations of minor ion components are often masked. Furthermore, plots such 
as Piper plots are mathematically limited and implicitly invoke spurious correlation 
caused by scaling because they employ amalgamation which does not preserve 
distances within what is an already restricted sample space (called the simplex) 
(Egozcue et al. 2005; Bacon-Shone 2006; Pawlowsky-Glahn et al. 2006). This occurs 
because hydrochemical data are compositional by nature, in particular, they are 
quantitative data where each component is a proportion of a given total (Egozcue et 
al. 2005; Bacon-Shone 2006). Spurious correlation was initially observed by Pearson 
(1897) and later investigated in a geological context (e.g. Chayes 1960). The issue 
was comprehensively examined in the 1980s and additive log ratios (alr) and 
centered log ratios (clr) transformation were proposed as solutions (Aitchison 1982; 
Aitchison 1986). More recently, the isometric log ratio (ilr) approach was developed 
which ultimately recognised that compositions can be represented in orthogonal 
(Cartesian) coordinates in the simplex (Egozcue et al. 2003; Egozcue et al. 2005). 
Collectively, these techniques are termed compositional data analysis. 
Compositional data analysis is concerned with understanding the relative proportions 
of individual measurements within a sample. These mathematical techniques can be 
applied to any discipline where compositional data exist (Pawlowsky-Glahn et al. 
2006; Lovell et al. 2015; Pawlowsky-Glahn et al. 2015). Despite being 
mathematically sound and offering a number of advantages (Nisi et al. 2015), 
compositional data analysis techniques are infrequently employed in hydrochemical 
studies. Previous research has demonstrated some specific examples of how to 
describe the evolution of ion proportions during simple processes (e.g. diagenesis of 
  
Chapter 6: Paper 3 122 
carbonates), or to develop log-ratio alternatives to traditional mixing lines (e.g. for 
Na-Br-Cl brines) (Bicocchi et al. 2011; Engle et al. 2013; Engle et al. 2016).  
In addition, compositional data analysis allows researchers to describe distinct 
relationships between ions, rather than just perform simple classifications based on 
the dominant ions. However, the application of compositional data techniques in this 
way has not been explored or demonstrated.  
A typical example of the classification of a water type using conventional methods is 
the Na-HCO3 or Na-Cl-HCO3 water type described for coal seam gas (or coal bed 
methane) groundwater (Van Voast 2003; Kinnon et al. 2010; Hamawand et al. 2013). 
Some variability in the dominance of these ions has been noted and variability in 
minor ion components, such as Ca and Mg, has also been observed (Taulis et al. 
2007; Papendick et al. 2011; Hamawand et al. 2013; Baublys et al. 2015; Owen et al. 
2015c). This variability of both major and minor ion components offers important 
information about the hydrochemistry of this water type that can be explored using 
compositional data analysis.  
In this paper we apply compositional data analysis techniques to describe variability 
of major ions within and between coal seam gas- (or coal bed methane-) bearing 
groundwater. We use examples from the Surat/Clarence-Moreton basin (Australia), 
Gunnedah Basin (Australia), the Powder River Basin (USA) and the Gulf of Mexico 
Basin (USA). The aims of this paper are to: 1) describe fundamental compositional 
similarities/differences between coal seam gas groundwater; 2) provide a robust and 
descriptive means of comparing water types; and 3) assess hydrochemical variability 
within and between large, highly variable data sets with respect to the hydrochemical 
evolution of coal seam gas or groundwater associated with high gas concentrations. 
By deriving isometric log ratios from appropriately designed sequential binary 
partitions, the relative importance of ions within the simplex can be derived. These 
can be used as a unique identifier of groundwater that is hydrochemically 
characterised by a particular process, end member and/or aquifer.  
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6.2 BACKGROUND 
6.2.1 Geological overview 
Dissolved major ion data from groundwater in the following basins were used in this 
study: Powder River Basin (USA); Gulf of Mexico Basin (Claiborne, Wilcox and 
Comanchean groups – Texas, USA); Surat and Clarence-Moreton basins (Australia); 
Gunnedah Basin (Australia). All of these basins are large sedimentary basins where 
commercial quantities of CSG occur or are likely to occur. Common features 
between all these basins are: the coal seams occur as discontinuous seams throughout 
the relevant coal-bearing formation(s); the coal is typically low rank, subbituminous 
and high in vitrinite; and the gas is typically biogenic (Grossman et al. 1989; Rice 
1993; Pratt 1998; Zhang et al. 1998; Montgomery 1999; Draper et al. 2006; Flores et 
al. 2008; Green et al. 2008; Golding et al. 2013; Hamilton et al. 2014; Quillinan et al. 
2014; Baublys et al. 2015). For readability, more information on the hydrogeology of 
these basins is discussed where relevant throughout the text.  
6.2.2 Evolution of coal seam gas groundwater hydrochemistry 
In order to extract coal seam gas (or coal bed methane) resources, water is extracted 
from the coal-bearing aquifer. As a result, both effective gas exploration and 
management of coal seam gas (CSG) extraction requires an understanding of the 
water resource that accompanies the gas resource in the coal-bearing aquifer. The 
typical Na-HCO3 water type of CSG waters is, by now, well known. In an important 
seminal paper, Van Voast (2003) proposed that the evolution of CSG groundwater in 
a number of basins in the USA followed a pathway where the bacterial reduction of 
sulfate was the primary HCO3 production mechanism (Eq. 1), which subsequently 
drove depletion of Ca and Mg, via carbonate precipitation.  
 (6.1)    2CH2O + SO4
2-
 → 2HCO3
- 
+ H2S
-
 
  
  
In addition, cation exchange can also drive Ca and Mg depletion and Na enrichment 
(Figure 1a). Prior to Van Voast’s (2003) review, a case-study suggested that the Na-
HCO3 water type for gas-bearing waters in the Gulf of Mexico Basin may also be 
evolving earlier on in the hydrochemical pathway via processes such as cation 
exchange (Grossman et al. 1989). 
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Ultimately, the resulting Na-HCO3 or Na-HCO3-Cl water type of CSG groundwater 
is a common hydrochemical end member that has been derived from a complex set 
of processes, some of which are not known or well understood, such as:  
the extent to which biological processes are consuming or producing bicarbonate;  
the influence of clays and organic matter on the retention of Cl and associated ions 
such as Na;  
the role of biogeochemical cycling of chlorine; and  
the nature of the coal cleat and continuity of coal seams. 
(Gluskoter et al. 1971; Huggins et al. 1995; Kimura 1998; Conrad 1999; Hjelm et al. 
1999; Conrad 2005; Öberg et al. 2005a; Öberg et al. 2005b; Yudovich et al. 2006).  
Furthermore, while CSG groundwater can range from fresh to brackish, many coals 
associated with CSG formed in freshwater, lacustrine, environments (Rice et al. 
2008; Cook et al. 2013; Hamawand et al. 2013; Jell et al. 2013). Therefore, unless 
there has been brine migration or marine incursions, other known hydrochemical 
tools, such as Na/Br, Cl/Br ratios/mixing lines cannot be used as hydrochemical 
indicators of coal or methanogenesis.  
In addition, Na-HCO3 water types may also evolve independently of SO4 reduction 
via other processes, such as clay mineral weathering under kaolinite saturation and 
cation exchange (Venturelli et al. 2003; Chae et al. 2006) (Figure 1b). A challenge in 
CSG studies, therefore, is being able to use major ions to effectively describe and 
compare hydrochemical variability within and between CSG aquifers, particularly in 
large data sets with a high degree of variability.   
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Figure 6.1 Conceptual model for the evolution of Na-HCO3 water types in: a) coal-seam-gas bearing 
aquifers, as first proposed by Van Voast (2003); and b) in non-coal-bearing aquifers (Venturelli et al. 
2003; Chae et al. 2006). The conceptual cross section (centre) shows the sequential steps in 
hydrochemical evolution, and the associated hydrogeological processes that are proposed as universal 
processes contributing to the evolution of these water types. Examples of the changes in abundance of 
individual anions and cations for a) (CSG groundwater) and b) (other Na-HCO3 water types) are 
shown to the left and right, respectively.  For CSG groundwater, a), SO4 reduction and the dissolution 
of coal and methanogenesis drive HCO3 enrichment, leading to the depletion of SO4, Ca and Mg 
depletion at peak CH4 concentrations (Van Voast 2003; Taulis et al. 2007). In the absence of coal and 
methanogenesis, b), the depletion of Ca and Mg can also proceed via cation exchange and sodium-
plagioclase weathering. However, for Na-HCO3 waters to persist under these conditions, a saturation 
point for certain weathering products, e.g. kaolinite, must be reached in order to maintain enriched 
HCO3 values as weathering proceeds (Venturelli et al. 2003). 
6.2.3 The need for more informative characterisation of CSG hydrochemistry  
A first step when attempting to understand water resources associated with CSG is 
often the characterisation of the hydrochemistry within and between aquifers. In 
many cases, large data sets are compiled using historical major ion data, such as 
government monitoring data, exploration data and data from CSG production wells 
to make these assessments (for example, Bartos et al. 2002; WorleyParsons 2012; 
Feitz et al. 2014; GeoScience Australia 2016b). In these cases, conventional 
techniques are often applied to characterise CSG groundwater and groundwater in 
surrounding aquifers (Bartos et al. 2002; Van Voast 2003; Taulis et al. 2007; Kinnon 
et al. 2010; Papendick et al. 2011; WorleyParsons 2012; Taulis et al. 2013; Atkins et 
al. 2015). 
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Considering that we know that Na-HCO3 water types can evolve via other means not 
related to coal, we have to ask how informative an approach that simply highlights 
the dominant ions actually is. During the preliminary stage of characterising water 
types in CSG-related studies a researcher is presented with a dilemma: how can a 
CSG groundwater end member be characterised effectively? Processes, such as SO4 
reduction, Eq. (1), could help inform the hydrochemical evolution of these water 
types, but only if this individual process has a dominant influence on the ion 
composition. The process of SO4 reduction and cation exchange are not endemic to 
CSG water types. 
While we know that there must be other complex processes that influence the CSG 
hydrochemistry, how can we begin to make use of this complexity to understand 
hydrochemical variability if these processes are not well understood and/or the 
hydro-biogeochemical dynamics of the system are not yet described? Actually, this 
complexity is to the advantage of the researcher because complex sets of processes 
may result in distinct hydrochemical responses that can be used to better characterise 
water types. Compositional data analysis provides a means of characterising water 
types based on the real relative abundance of ions in the sample. As a result, the 
hydrochemical characterisation of water types within and between aquifers can be 
made in a much more informative way.  
6.3 METHODS 
6.3.1 Data and data preparation  
A number of datasets pertaining to geographical locations were used in this study, as 
follows: Powder River basin – publicly available data from the Montana Bureau of 
Mines and Geology database (http://mbmggwic.mtech.edu/) and production water 
data from Rice et al. (2000); Gulf of Mexico Basin – published data from Grossman 
et al. (1989) and Zhang et al. (1998) (raw data provided by Prof. Grossman E.L., 
Texas A&M University); Surat and Clarence-Moreton basins – publicly available 
data from the QLD government groundwater database (data provided by QLD 
Department of Natural Resources and Mines: database manually screened as per 
Owen and Cox (2015)) in combination with published data from Duvert et al. (2015) 
and unpublished data from J. Li (data provided by Queensland University of 
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Technology), and CSG data provided by Arrow Energy; Gunnedah Basin – 
unpublished data provided by J. Bradd, University of Wollongong.  
New data for the Surat and Clarence-Moreton basins are also presented. These were 
collected at CSG production wells or at domestic (landholder) wells screened in the 
coal measures. Samples for CH4 were collected in glass vials with rubber butyl 
stoppers and a sulfuric acid preservative. All samples were placed on ice until 
analysis. Major ions were analysed using the following methods: APHA 3120B; 
APHA 4500-Cl-G and APHA 4500-SO4-E at NATA accredited ALS Laboratories, 
Brisbane, QLD. CH4 data were analysed via headspace gas chromatography, also at 
ALS Laboratories, Brisbane, QLD. 
The following major ions were included in analyses: Na, K, Ca, Mg, HCO3, Cl, SO4, 
and, where available, F. Data below detection limit (typically SO4 for CSG water 
types) were imputed using the R package zCompositions via the log ratio Data 
Augmentation function (lrDA): a function that is based on the log-ratio Markov 
Chain Monte Carlo Data Augmentation (DA) algorithm (Palarea-Albaladejo et al. 
2015). This approach differs from conventional methods of replacing left-censored 
data with arbitrary values below detection limit. It provides a means of estimating 
values below the detection limit in a manner that preserves the relative structure of 
the data. For the Powder River Basin data set, multiple detection limits were dealt 
with by first imputing (estimating) data from the sub-dataset with the highest 
detection limit and then appending this imputed data to the dataset with the next 
highest detection limit; this process was completed until all data below detection 
limit were imputed.  
6.3.2 Compositional data analysis 
Compositional data analysis essentially applies three main principles (Egozcue et al. 
2011): 1) scale invariance – the information is equivalent regardless of the units 
used; 2) subcompositional coherence – analysis of a subset must not contradict 
analysis of the entire composition; 3) permutation invariance – the order of parts 
should be irrelevant, although this third principle is in general trivially satisfied by 
any given dataset.  
Here we apply two log-ratios when analysing the data set: 1) the centered log ratio 
(clr), a log ratio of an individual component and the geometric mean of all (Eq. 6.2.); 
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and 2) the isometric log ratio (ilr), a log ratio of geometric means of groups of parts 
or components (Eq. 6.4). Both transformations have different properties which 
should be taken into account when interpreting data.   
The centred-log ratio transformation (clr) 
The clr transformation is obtained by dividing components by the geometric mean of 
the parts (components, ions) and then taking the log ratios (Aitchison 1982; 
Aitchison 1986). The result of a clr transformation for a D matrix is a D matrix 
number of clr values.  
(6.2) clr(x) = [ln
𝑥1
𝑔(x)
; … ; ln
𝑥𝐷
𝑔(x)
] ,        
where 𝑔(𝑥) is the geometric mean as defined by:  
(6.3) 𝑔(x) = √𝑥1  ∙∙∙  𝑥𝐷
𝐷   .         
The clr is a transformation which treats the parts of the composition symmetrically. It 
produces coordinates which are useful for examining properties of the whole clr-
vector, i.e. the behaviour of ions with respect to all ions in the composition. The clr 
transformed data are particularly useful for constructing biplots to represent an 
approximation of the variability within the dataset. However, because the clr-
transformed coordinates ultimately sum to zero, they are constrained to a subspace of 
real space and are represented on a hyperplane in D-dimensional real space; 
consequently, the covariance and correlation matrices are singular (Egozcue et al. 
2003; Pawlowsky-Glahn et al. 2006). As a result, some care is needed when 
interpreting clr transformed data because the clr-coordinates represent the proportion 
in the numerator with respect to the geometric mean of all the parts in the 
composition. Here we use clr transformed data to construct biplots to describe 
variability and to then assist in developing meaningful sequential binary partitions 
that are used to compute ilr coordinates.  
The isometric-log ratio transformation (ilr) 
The ilr transformation differs from the clr transformation in that it uses a sequential 
binary partition (Table 6.1) to describe the orthonormal basis to which correspond  
D-1 Cartesian coordinates (ilr-coordinates): these orthonormal coordinates, called 
balances, can then be modelled (Egozcue et al. 2003).  
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Table 6.1 Sequential Binary Partition (SBP) of a seven-part composition (x1, x2…….x7) deriving six 
orthonormal coordinates (z1,z2…..z6) for ilr calculation. 
Balance 
Partition of parts 
x1 x2 x3 x4 x5 x6 x7 
z1 1 1 1 1 -1 -1 -1 
z2 1 1 -1 -1    
z3 1 -1      
z4   1 -1    
z5     1 1- 1- 
z6      1 -1 
 
Each step in the sequential binary partition divides the composition into separate 
parts (𝑥𝑖 and 𝑥𝑗): an important step in this process is the first partition, which defines 
the ratio for the first balance. Any balance is orthogonal to another balance as long as 
it is derived from the same sequential binary partition. The partition process applies 
some objectivity. Here we show a number of examples of how to develop suitable 
sequential binary partitions for use in CSG groundwater studies, based on 
geochemical intuition and the use of ilr dendrograms to assess the effectiveness of 
particular ilr-coordinates. It does not matter what units the hydrochemical data are in 
(Buccianti et al. 2005): here we use meq/L. Once a sequential binary partition is 
described the i-th ilr balance is computed as   
 (6.4) zi = √
𝑟𝑖𝑠𝑖
𝑟𝑖 + 𝑠𝑖
 ln 
(∏ 𝑥𝑗+ )
1
𝑟𝑖
(∏ 𝑥𝑗− )
1
𝑠𝑖
  ,        
where 𝑟𝑖 and 𝑠𝑖 are the number of parts coded in the sequential binary partition as +1 
and -1, respectively. The products subscripted + and - are extended to the parts xj 
respectively marked with +1 and -1 in the sequential binary partition. 
Isometric log ratios were calculated using R, and corresponding plots were produced 
using the ‘R’ (R development Core Team 2003 2015) package ‘ggplot2’ (Wickham 
2009).  
Data centring for use in ternary diagrams  
The assessment of minor ion components can be challenging because of their 
relatively smaller concentration. One way of addressing this problem, when using 
ternary diagrams, is to centre data to a common element (typically the inverse of the 
sample centre) to better visualise data structure (Pawlowsky-Glahn et al. 2002; von 
Eynatten et al. 2002).  
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This data centring is performed using a perturbation operation (the symbol for which 
is ⊕); it is an operation that replaces addition and which acts as a scaling operator. If 
x and y are compositions, their perturbation is 
 (6.5) x ⊕ y =  C [𝑥1𝑦1, 𝑥2𝑦2, … . , 𝑥𝐷𝑦𝐷] ,       
where C is the closure operation. The sample centre (or compositional mean) of x is 
a composition computed as  
(6.6) cen(x) =  [𝑔(𝑥1), 𝑔(𝑥2), … … 𝑔(𝑥𝐷)] ,      
where 𝑔(𝑥𝑗) denotes the geometric mean of the values of the part 𝑥𝑗 across the 
available sample. In order to centre x, the composition y in Eq. (6.5) is identified 
with the opposite for the centre then yielding the centered sample 
 (6.7) C [
𝑥1
𝑔(𝑥1)
⁄ ,
𝑥2
𝑔(𝑥2)
⁄ … … .
𝑥𝐷
𝑔(𝑥𝐷)
⁄ ] .      
In this study, ternary diagrams representing subcompositional data are centred as in 
Eq. (6.7) and were computed using CodaPack 2.10 (Comas-Cufí et al. 2011). 
6.4 RESULTS AND DISCUSSION 
6.4.1 Characterising hydrochemistry of coal seam gas groundwater using a 
traditional approach 
Traditional Piper plots for data from gas-bearing aquifers and surrounding aquifers 
from the Powder River Basin and the Surat and Clarence-Moreton basins do not 
permit hydrochemical discrepancies within and between these CSG groundwaters to 
be investigated, other than to allow visual interpretations (Figures 6.2a – c). The 
sheer volume of data in both data sets creates a messy arrangement of overlapping 
data, making meaningful interpretations about hydrochemical evolution difficult. 
The addition (or amalgamation) of Cl and SO4 in Piper plots is a typical example of 
both the potentially spurious effects caused by these types of plots, as well as their 
inappropriateness for investigating CSG groundwater types. This amalgamation is 
counterintuitive for CSG groundwater because Cl and SO4 ions behave very 
differently as CSG water types evolve. Similarly, Ca and Mg concentrations, relative 
to other ions, are difficult to interpret because all groundwaters are evolving to be 
dominated by Na cations. Since we already know that the dominant ions in CSG 
groundwater are Na, HCO3 and Cl, we must ask how these plots improve our 
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understanding of the hydrochemistry of CSG groundwater because these three ion 
components will always dominate the result/plot. There is potentially more to be 
learned about CSG groundwater evolution by understanding subtle changes in other 
ions, such as Ca, Mg, K, SO4 and F.  
 
 
Figure 6.2 Traditional Piper plots for hydrochemical data for CSG production water and surrounding 
aquifers in: a) The Powder River Basin; and b) Surat and Clarence-Morton basins. 
6.4.2 A sulfate reduction pathway in the Powder River Basin described by an 
intuitive set of isometric log ratios 
A simple way to test the influence of bacterial reduction of SO4 on the evolution of 
CSG water types (Figure 6.1a) is to build a sequential binary partition and derive 
appropriate ilr-coordinates. The sequential binary partition for this exercise partitions 
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Ca, Mg, SO4 (the ions that are depleting), from Na, K, HCO3 (the ions that are 
enriching) (Table 6.2). The use of Cl in the partition then allows the depletion of Ca, 
Mg and SO4, and subsequent enrichment of Na, K and HCO3 to be related to the 
relative enrichment of Cl down gradient. The first partition (b1) expresses the 
enrichment of Na and HCO3 that is associated with SO4 reduction and Ca and Mg 
depletion. The second partition (b2) captures the behaviour of the third dominant ion 
component of CSG groundwater, Cl, with respect to the depleting ions. Essentially, 
this approach allows two ilr-coordinates to be derived: i.e. without the partition of Cl 
in b1 and b2, we could only derive a single ilr that partitions the enriching ions (Na 
and HCO3) from the depleting ions (Ca, Mg and SO4) without any comprehension of 
how these changes pertain to more conservative ions, such as Cl.  
Table 6.2 Sequential binary partition for ilr-coordinates b1 and b2.  
 
balance Na K HCO3 Cl Ca Mg SO4 
b1 1 1 1 -1 -1 -1 -1 
b2    1 -1 -1 -1 
 
If we apply these two partitions, b1 and b2, to Eq. 4, we derive two ilr-coordinates 
for each sample that can be plotted (Figure 6.3a). This ilr plot shows that most data 
in the Powder River Basin data set can be explained by this Ca and Mg depletion and 
SO4 reduction (b1 and b2): the shape of this hydrochemical trend suggests a highly 
constrained system with two conspicuous end members.  
Using these ilr-coordinates (b1 and b2), a number of outliers occurs (Figure 6.3a (i)): 
these samples are already very low in SO4, Ca and Mg, and as a result the 
relationship between the Na, HCO3 and Cl ions dominate compositional behaviour. 
This relationship can be easily described using a different sequential binary partition 
that considers these three dominant ions only (Table 6.3).  
These two processes can now be modelled using the appropriate ilr-coordinates; 
Figures 6.3b and d, respectively.  However, note that because this sequential binary 
partition examines a different relationship with Cl, the sequential binary partition 
needs to be rebuilt, and these two models, therefore, are related by rotation, i.e. one 
can be obtained from the other through a rotation in the space of coordinates or, 
equivalently, in the simplex. 
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Table 6.3 Sequential binary partition for ilr-coordinates b3 and b4.  
 
balance Na HCO3 Cl 
b3 1  -1 
b4 1 -1 1 
 
 
 
Figure 6.3 Isometric log ratios for Powder River Basin showing: a) b1 vs b2 (SBP based on Table 
6.2), with outliers in the Fort Union Formation circled (i) (see S1 for well IDs), and alluvial/artesian 
wells water samples with compositional hydrochemistry similar to CSG groundwater marked as (ii) 
(see S1 for well IDs); b) quadratic model of b1 vs b2 for Fort Union Formation water (after removing 
(i) and alluvium, colluvium, artesian and spring wells), with Kernel density estimations shown for x  
and y axis; c) b3 vs b4 (SBP based on Table 6.3.); and d) linear model of b3 vs b4 for production 
water and Fort Union Formation water identified as outliers in a) (i), with Kernel density estimations 
shown for x  and y axis.  
Overall, b1 and b2 can explain most of the hydrochemical variability in the Powder 
River data set: in this basin, Van Voast’s (2003) theory that SO4 reduction drives the 
depletion of Ca and Mg and enrichment of HCO3 as CSG water types evolve holds 
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true (Figure 6.3a). This hydrochemical pathway reflects the dissolution of minerals 
such as gypsum and pyrite in shallow recharge areas, particularly in clinker deposits 
where groundwater is dominated by Ca and SO4, but deeper groundwaters downdip, 
particularly in coal bed aquifers, are depleted in these ions and are dominated by Na 
and HCO3 (Bartos et al. 2002 and references therein). This depletion of Ca and SO4 
and the evolution of Na-HCO3 water types away from the basin margins are 
consistent with an increase in microbial methanogenic activity (Bartos et al. 2002; 
Flores et al. 2008; Quillinan et al. 2014).  
We propose that this quadratic model between ilr-coordinates b1 and b2 replaces the 
description of the CSG water type, i.e. a Na-HCO3 water type, with a mathematical 
description that is both real and represents orthogonal coordinates in the simplex. 
Recall the variability of data in the Powder River data set as shown in the Piper plot 
in Figure 6.2a: there is no way of understanding this variability, let alone making any 
sense of it with respect to the evolution of CSG water types using this plot. By 
developing an appropriate sequential binary partition and associated ilr-coordinates, 
we have characterised a distinct hydrochemical pathway that explicitly describes the 
evolution of a particular hydrochemical end member, despite a high degree of 
hydrochemical variability in the data set.   
The outliers are also Na-HCO3/Na-HCO3-Cl water types that are associated with a 
low-Cl water source (Figure 6.3a (i)). These outliers may be related to areas of the 
coal-bearing aquifer where reduced conditions have already evolved or there is a 
limited SO4 source, where there is vertical migration from overlying sandstone units, 
or where flow direction has changed due to anisotropy and cleat orientation in the 
coal seams (Bartos et al. 2002). We don’t propose to resolve these hydrochemical 
phenomena here, but the application of compositional data analysis techniques 
demonstrates a robust method of understanding hydrochemical variability in large 
data sets with respect to the evolution of two very similar water types. These Na-
HCO3 water types can be compared to other similar water types using the modelled 
ilr-coordinates (Figures 6.3b – d). Referring back to the Piper plot (Figure 6.2a), the 
outliers cannot be observed or differentiated from the CSG water types: in fact, there 
is no way of knowing that this other Na-HCO3 water type exists.  
A number of alluvial samples as well as two samples from artesian wells plot near 
production water samples (see (ii) in Figure 6.3a). These samples are 
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compositionally distinct from other alluvial water types and their similarity to the 
coal-bearing aquifer suggests that these wells may have some relationship with the 
zones of the Fort Union Formation that are coal-bearing and contain gas. From the 
Piper plot in Figure 3a we can deduce that these samples have some hydrochemical 
similarity to the CSG groundwater types, but, without describing the SO4 reduction 
pathway using ilr-coordinates in an appropriate linear model, there is no way of 
knowing if they are compositionally similar to those along the SO4 reduction 
pathway, or another pathway, e.g. the outliers in (i). The well ID numbers of the 
outliers identified in Figure 6.3a (i) and (ii) are listed in S1. 
6.4.3 Evidence of more complex pathways of CSG groundwater evolution in 
other basins 
Using the b1 and b2 ilr-coordinates for the Surat and Clarence-Moreton basins, a 
similar trend towards CSG water types is evident, but with some data scatter, 
including some variability of production (CSG) water (Figure 6.4). This scatter is 
caused by a range of different processes that influence the relative abundance of ions. 
In this basin, the lithology of the sedimentary aquifers is similar, and carbonate 
dissolution and plagioclase weathering, in combination with cation exchange, are 
also likely to be contributing to the evolution of Na-HCO3 water types. Unlike the 
Powder River Basin, there is not a significant source of SO4 in the Surat and 
Clarence-Moreton basins. SO4 reduction is occurring but it isn’t a major control on 
hydrochemistry. By better describing the compositional characteristics of the CSG 
end member in the Surat and Clarence-Moreton basins, we can improve the ability to 
characterise groundwater within the coal measures and within other aquifers.  
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Figure 6.4 Isometric log ratios for b1 vs b2 (sequential binary partition as per Table 6.2) for the Surat 
and Clarence-Moreton basins (QLD, Australia). 
6.4.4 Delineating CSG water types in large, highly variable data sets – a case 
study example from the eastern Surat and Clarence-Moreton basin 
Surat and Clarence Moreton basins (Condamine River and Teviot Brook 
catchments) – a brief overview 
The Surat and Clarence-Moreton basins are two large, adjoining sedimentary basins 
in eastern Australia. For this study, we use two data sets: one from the Condamine 
River catchment (eastern Surat basin and north-western Clarence-Moreton Basin) 
and another from the Teviot Brook catchment (north-western Clarence-Moreton 
basin). The majority of the sedimentary formations in the upper Surat and Clarence-
Moreton basins were deposited between the Late Triassic to Late Jurassic in a non-
marine, fluvial and lacustrine environment, with some deposition extending into the 
Early Cretaceous (Exon 1976; Cook et al. 2013; Jell et al. 2013). The most important 
sedimentary units considered in this study are (listed as youngest to oldest): the 
Kumbarilla Beds (consisting of the Springbok Sandstone, Mooga Sandstone, Orallo 
Formation, Gubberamunda Sandstone and Bungil Formation, herein 
undifferentiated), the Walloon Coal Measures (WCM), and the Marburg Subgroup 
(consisting of the Gatton Sandstone and the Koukandowie Formation, herein 
undifferentiated). These bedrock stratigraphic units in the study area have a variable 
composition, containing sandstones, siltstones, mudstones and coal, with the most 
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abundant coal seams found in the WCM (Exon 1976; Cadman et al. 1998). While 
some marine transgressions are inferred in the central-western parts of the Surat 
Basin during the early Cretaceous (Cook et al. 2013), these have not extended to the 
Condamine catchment or Teviot Brook catchment.  
The Condamine River and Teviot Brook catchments share a boundary in the 
headwaters, where Neogene olivine basalt extrusions are dominant. Some of the 
sedimentary successions contained within the Surat and Clarence-Moreton basins are 
continuous across both these sedimentary basins, including the WCM and the 
Marburg Subgroup, with the WCM being a dominant shallow sedimentary formation 
in the headwaters of both catchments (Cook et al. 2013; Duvert et al. 2015b). 
Commercial gas production from reserves in the WCM is concentrated in the 
Condamine River catchment; although coal seam gas exploration has also previously 
occurred in the Teviot Brook catchment (production is not planned for the Teviot 
Brook catchment).  
Understanding variability within and between CSG water types 
A quick way to explore the compositional variability in large data sets is to perform a 
centered-log ratio (clr) covariance biplot. The clr-biplot is a projection of the 
compositional space, with the links and rays providing information about the 
variability of log ratios (Aitchison et al. 2002; Pawlowsky-Glahn et al. 2015) (see 
section 6.3.2 for more detail).   
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Figure 6.5 A clr-biplot of the Surat and Clarence-Moreton (Condamine River catchment) data set. 
Cum.Prop.Exp = the cumulative percentage of explained variance. 
 
Using a clr-biplot, it is evident that the majority of the compositional variability for 
the Condamine River catchment data set (Surat and Clarence-Moreton basins) can be 
explained by one component (PC1) (Figure 6.5). In combination with a second 
component (PC2), the CSG groundwaters represent a distinct end member. Samples 
with positive PC1 and negative PC2 components generally have higher TDS, while 
fresher samples are those with negative PC1 values.  
Categorising variability using hierarchical cluster analysis of ilr-coordinates 
A hierarchical cluster analysis (HCA) was applied to the data represented in ilr-
coordinates derived from an intuitive sequential binary partition that partitions ions 
relative to the clr biplot (Table 6.4). Euclidean distance was used as the distance 
metric. This robust method of performing a HCA means the clustered groups 
represent compositional similarities in the simplex, rather than simply similarities in 
individual ion concentrations. We use it as a tool to describe different groups of 
variable compositional structure that can then be used to explore different hypotheses 
using intuitive and appropriate ilr-coordinates.  
Table 6.4 Sequential binary partition used to describe ilr-coordinates for the hierarchical cluster 
analysis.  
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Na Ca Mg K HCO3 Cl F SO4 
1 -1 -1 1 1 -1 1 -1 
1 
  
1 -1 
 
-1 
 
1 
  
-1 
    
    
1 
 
-1 
 
 
1 1 
  
-1 
 
-1 
 
1 -1 
     
          1   -1 
 
Major ion controls on CSG groundwater (Surat and Clarence-Moreton basins) 
A clr-variation array confirms the major controls on the CSG groundwater from the 
Surat and Clarence Moreton basins are reflected by variability of Ca, Mg, F, Cl and 
HCO3 (Table 6.5a). In contrast, variability in the Powder River CSG groundwater is 
relatively low (Table 6.5b).  
In the Surat and Clarence-Moreton basin the relationships between these ions can be 
easily modelled in ternary diagrams (Figures 6.6a and c). Substituting Mg for Ca, 
similar relationships were also observed. The modelled variability in the data set 
coincides with a shift between two subclusters identified through the ilr HCA (CSG 
clusters A1 and A2).  
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Table 6.5 The clr-variation array for CSG groundwater from the Surat and Clarence-Moreton basins 
(a) and the Powder River Basin (b); these arrays represent the log-transformed ratios, with the sample 
mean ln(xi / xj) shown below the diagonal, and estimates of var[ln(xi / xj)] shown above the diagonal, 
and the clr-variances representing the sum of log ratio variances for each part (Thió-Henestrosa et al. 
2011). NB: caution needs to be applied to results for SO4 because CSG groundwater is typically 
highly reduced and values below detection limit represent imputed values. 
a)  CSG groundwater: Surat and Clarence-Moreton basins 
    Variance ln(xi\xj)   
  
xi\xj Na Ca Mg K HCO3 Cl F SO4 
clr 
  variances 
M
e
an
 ln
(x
i/
x j
) 
Na   0.29 0.27 0.03 0.34 0.05 0.22 0.29 0.01 
Ca -5.19   0.06 0.26 1.17 0.14 0.95 0.74 0.28 
Mg -5.47 -0.27   0.25 1.13 0.12 0.93 0.69 0.25 
K -6.02 -0.82 -0.55   0.39 0.07 0.27 0.31 0.02 
HCO3 -1.37 3.82 4.10 4.65   0.62 0.05 0.42 0.34 
Cl -0.32 4.87 5.14 5.69 1.05   0.45 0.40 0.05 
F -6.62 -1.43 -1.15 -0.60 -5.25 -6.29   0.34 0.23 
SO4 -8.09 -2.90 -2.63 -2.07 -6.72 -7.77 -1.47   0.22 
    Total variance 1.40 
 
 
b) Powder River Basin 
    Variance ln(xi\xj)   
  
xi\xj Na K Ca Mg HCO3 Cl F SO4 
clr 
  variances 
M
e
an
 ln
(x
i/
x j
) 
Na   0.26 0.38 0.34 0.45 0.36 0.60 4.61 0.19 
K -4.03   0.16 0.13 0.69 0.39 0.25 5.25 0.21 
Ca -2.05 1.99   0.07 0.77 0.38 0.49 4.55 0.17 
Mg -2.30 1.74 -0.25   0.73 0.47 0.56 4.79 0.20 
HCO3 0.10 4.14 2.15 2.40   0.89 1.11 4.39 0.44 
Cl -3.60 0.43 -1.55 -1.30 -3.70   0.49 4.87 0.30 
F -5.52 -1.48 -3.47 -3.22 -5.62 -1.92   5.40 0.43 
SO4 -7.10 -3.07 -5.05 -4.81 -7.21 -3.50 -1.59   3.55 
    Total variance 5.48 
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Figure 6.6 Ternary models for CSG groundwater from the Surat and Clarence-Moreton basins 
(Condamine River catchment) (a and c) and from the Powder River basin (b and d), showing the 
Principal Components for each model. Samples in the ternary diagram represent compositions that are 
perturbed by the closed inverse of the geometric mean of each sample. Cum.Prop = cumulative 
proportion of explained variance.  
The contrasts between the Surat/Clarence-Moreton basin and Powder River data 
shown here are peculiar, especially considering coal type is similar and the dominant 
methanogenic pathway is the same. In the Powder River Basin, the relatively higher 
Ca and SO4, derived from shallower sources, may create a more pronounced control 
on hydrochemistry, with significant SO4 reduction having a pronounced effect on 
HCO3. In the Surat and Clarence-Moreton basins, relationships between Cl and other 
ions may reflect more complex influences on hydrochemistry (see section 6.4.5 for 
more discussion).  
Using a traditional approach, both of these CSG end members in the Powder River 
and Surat/Clarence-Moreton basins would have the same classification: a Na-HCO3 
or Na-HCO3-Cl water type, yet important between-basin distinctions cannot be 
described. For example, concentrations of Ca and Mg ions in the Surat and Clarence-
Moreton CSG are too low to be observed on the Piper plot, yet these ions have a 
major control on compositional variability in this basin.  The models in Figures 6a 
and b condense the compositional variability into a descriptive tool for identifying 
CSG groundwater types that is unique to this basin. This new approach to describing 
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hydrochemistry of CSG end members opens up the door to a different philosophy for 
characterising these water types based on the relationships between the relative 
proportion of certain ions.  
Compositional distinctions between CSG groundwater and similar Na-HCO3 water 
types  
The HCA results showed that a number of groundwater samples from the overlying 
Kumbarilla Beds and the shallower parts of the coal measures are also dominated by 
Na and HCO3 ions and exhibit some compositional similarities to CSG groundwater. 
We can investigate these similarities further using ilr-coordinates that describe 
relationships between Ca, Mg, F and HCO3, and Ca, Mg, F, HCO3 and Cl, 
respectively (Tables 6a and b), which were modelled in the ternary diagrams (Figures 
6.6a and c). The positive linear relationship between b5 and b6 values shows that, for 
these samples, increases in the Ca and Mg components with respect to F and HCO3 
have a major control on compositional variability. The result shows that these Na-
HCO3 water types may be evolving rapidly in shallower zones, without a precursor 
water type with higher Ca and Mg components.  
A key difference between the samples from the Kumbarilla Beds, coal measures and 
CSG aquifers in Figure 6.7a is the lower F concentrations in the CSG groundwater, 
causing a shift towards higher b6 values. Similar lithology between the Kumbarilla 
Beds and the coal measures may allow similar water types to evolve independently, 
with varying concentrations of F depending on the source rock.  
If we re-build the sequential binary partition and include Cl (Table 6.6b and Figure 
6.7b), we can see that the relationship observed in Figure 6.7a is maintained for CSG 
groundwater but this is not the case for other coal measure samples or those from the 
Kumbarilla Beds. This distinction shows that the controls on Cl in the CSG 
groundwater are different to surrounding aquifers and up-gradient in the coal 
measures, even where very similar hydrochemical compositions occur. This is an 
important distinction to make because the concentrations of Ca, Mg and F are only 
minor components of these water types, and the compositional differences shown in 
Figure 6.7b cannot be observed using conventional techniques (Figure 6.2b). The 
relationships between Cl in the CSG groundwater and its distinction from the 
controls on Cl in the overlying Kumbarilla Beds suggest that there is a source of Cl 
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in the coal measures that is associated with high gas concentrations which may not 
be related to overlying aquifers. 
Table 6.6 Sequential binary partition for: a) ilr-coordinates b5 and b6; and b) b7 and b8 respectively. 
a) 
balance HCO3 Ca Mg F 
b5 -1 1 1 1 
b6  1 1 -1 
 
 
b) 
balance HCO3 Cl Ca Mg F 
b7 -1 -1 1 1 1 
b8   1 1 -1 
 
 
 
Figure 6.7 Isometric log ratios for similar Na-HCO3 water types from the Surat and Clarence-Moreton 
basins (cluster A) showing: a) b5 vs b6 (SBP based on Table 6.6a), and; b) b7 vs b8 (SBP based on 
Table 6.6b) showing a linear model of b7 vs b8 for production water, with Kernel density estimations 
shown for x and y axes.  
Developing a new ilr descriptor for Na-HCO3 water types in the Kumbarilla Beds 
Here we use ilr dendrograms (Pawlowsky-Glahn et al. 2011) to identify subtle 
compositional traits that are unique to the Na-HCO3 water type in the Kumbarilla 
Beds.  
This process calculates the ilr-coordinates for each aquifer based on a common 
sequential binary partition. The development of this SBP requires some trial and 
error, but suitable sequential binary partitions can be developed intuitively by 
referring back to the clr-biplot (Figure 6.5) and using information from other plots, 
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such as the ternary plots and ilr plots in Figures 6.6 and 6.7. From the clr-biplot it is 
evident that Na-HCO3 groundwater in the Kumbarilla Beds is explained by K and 
Na, and a possible inverse relationship with Cl. Table 6.7 describes the sequential 
binary partition used to construct an intuitive ilr dendrogram. This sequential binary 
partition also considers the potential relationships with other ions, but SO4 is 
excluded: we found that the inclusion of SO4 masked relationships between other 
ions in these water types because SO4 concentrations are very low, but with high 
variance.    
Table 6.7 Sequential binary partition used to describe isometric log ratio balances for the hierarchical 
cluster analysis.  
balance Na Ca Mg K HCO3 Cl F 
b9 1 -1 -1 1 -1 1 -1 
b10 1 
  
-1 
 
1  
b11 1 
    
-1 
 
b12 
 
1 1 
 
-1 
 
-1 
b13 
 
1 -1 
 
   
b14     -1  1 
 
Figure 6.8a shows the ilr dendrogram derived from the sequential binary partition in 
Table 6.7. Clearly, the Na-HCO3 water type in the Kumbarilla Beds can be 
distinguished from CSG groundwater and other similar water types in shallower 
areas of the coal measures by the behaviour of K, Na and Cl, which follows a linear 
model described by the second and third balances in the sequential binary partition 
(b10 and b11) (Figure 6.8b).  
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Figure 6.8 a) A balance dendrogram showing distinctions in the isometric log ratios as defined in 
Table 6.7 (b9- b14) between the Kumbarilla Beds, the coal measures where gas is not prevalent (the 
Walloon Coal Measures), and the coal measures where high concentrations of gas occur (production 
water (WCM)); and b) comparison of isometric log ratios b11 and b10, showing a linear relationship 
for samples from the Kumbarilla Beds. Dashed arrow represents a general depletion of Cl with depth. 
Dashed lines represent a step along the linear trend used in inverse modelling scenarios. The linear 
model in Figure 6b could be improved by collecting more data from this aquifer. 
Given that differentiating between the Kumbarilla Beds and underlying coal 
measures has proved to be difficult in this basin, due to similar lithology, a subtle but 
descriptive method for distinguishing between similar water types between these 
aquifers will be useful.  
In Figures 6.7 and 6.8 one sample (well ID = 22194) from the Kumbarilla Beds 
consistently plots near the CSG water samples, including along the ilr trend that 
describes the constraint of ion proportions in CSG water samples.  As a result, the 
aquifer assignment for well 22194 of Kumbarilla Beds can be revised, and reassigned 
to the coal measures. Review of the drill logs for these samples shows that this well 
occurs in the same area as the shallower well 11797 which was assigned to the coal 
measures. Note this exercise is not possible using conventional plots such as Piper 
plots.  
A unique, robust descriptor that simplifies complex processes 
Unique descriptions of water types using ilr-coordinates are much more effective 
tools for describing hydrochemical variability than descriptions of the dominant ion 
components because they capture a range of complex processes. Some inverse 
modelling (using PHREEQC version 3.1.7-9213) for the Kumbarilla Beds samples 
demonstrates this point. For simplicity we performed inverse geochemical modelling 
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at three steps along this trend line (increasing b10 values) (see Figure 6.8b). This 
generally follows a process which is associated with the depletion of Cl with depth. 
Typical minerals used in the inverse modelling scenarios were calcite, dolomite, 
gypsum, fluorite, kaolinite, K-feldspar, gibbsite, albite, biotite, as well as cation 
exchange sites. The selection of minerals is based on the known mineralogy of the 
sedimentary features in the Surat Basin (Grigorescu 2011). See Table 6.10 for 
inverse modelling results.  
Inverse modelling results indicate that dissolution of albite, K-feldspar and fluorite as 
well as cation exchange are typical for all steps along this trend. For step 1 (highest 
b10 values) and step 3 (lowest b10 values), gypsum and fluorite dissolution are 
typical. However, for step 2, gypsum precipitation occurred and no phase mole 
transfers were recorded for fluorite. This shows some complexity on the relative 
proportions of ions for this Na-HCO3 water type even though the dominant ion 
composition remains the same. This highlights the value of the ilr approach. Instead 
of interpreting a singular process from ion ratios, e.g. carbonate dissolution, the ilr-
coordinates b10 and b11 capture real restrictions on the relative proportions of Na, K 
and Cl ions that occur during a range of processes. These characteristics of the 
relative proportion of ions are unique to this aquifer. Given that K tends to be re-
incorporated into clay minerals, and Na remains in solution (Hem 1985), these 
characteristics must be due to cation exchange and albite weathering which promotes 
Na release, which, in turn, increases the proportion of Na to both K and Cl.  
The ilr-coordinates used in Figures 6.7b and 6.8b are useful for differentiating 
between CSG and other similar water types, but a small number of samples plot near 
CSG groundwater in these plots. It is not clear if this is the result of interactions with 
CSG water types, the influence of coal and/or methanogenesis, or other factors. In 
any case these sites are worthy of further investigation.  To assist future studies, the 
wells where samples show the greatest similarity with CSG groundwater in Figures 
7b and 8b are: three wells in the coal measures with b11 values > 0.25 but < 0.75 
(well ID: 5390, 16625, and 83519), as well as one well with b11 value < 0.25, from 
the coal measures (well ID: 11797).  Interestingly, drill logs for wells 5390, 16625 
and 83519 shows that coal occurs at the screen depth, although spatial preference or 
relationship with depth were not observed. The remaining well (11797) occurs in the 
west of the catchment at ~200 m depth. 
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6.4.5 A new method for describing hydrochemical variability within and 
between CSG water types using isometric log ratios  
In the previous section we showed a number of robust techniques that can be used to 
investigate hydrochemical variability between similar water types. This is useful for 
understanding how Na-HCO3 water types may or may not be related to CSG 
groundwater composition, but the results do not compare these water types with 
other water types in the data set. In this section, we develop a geochemically intuitive 
sequential binary partition that can be used to delineate possible pathways towards 
CSG groundwater.  
Defining an appropriate sequential binary partition and orthonormal bases 
One advantage of the compositional approach is that, instead of deliberating over 
large data sets and attempting to explain all processes that influence hydrochemistry, 
we can describe suitable ilr-coordinates that target specific water types (distinct 
characteristics of the relative proportions of ions). A key objective is to avoid getting 
bogged down in differences between groups/water types that distract the investigator: 
here we are only interested in the evolution of CSG water types.  
From earlier sections we have successfully shown how to better describe and 
differentiate between similar water types using ilr-coordinates. The aim of this 
section is to present a new plot that is capable of delineating CSG groundwater types, 
and of elucidating groundwaters that are compositional similar to CSG groundwater 
in large data sets. In doing so, the plot needs to be able to both describe 
compositional variability within CSG groundwater and it needs to be geochemically 
intuitive, in order to assist with interpretation.  
To achieve this, we developed a sequential binary partition (in Table 8) that draws on 
the work by Duvert et al. (2015b) where relationships between residual alkalinity and 
chloride were used in combination with isotopic data to assess connectivity between 
the coal measures and surrounding aquifers in the Teviot Brook catchment of the 
Clarence-Moreton Basin, QLD, Australia.  Residual alkalinity describes the residual 
bicarbonate and carbonate ions that occur in solution in excess to any possible 
dissolution of carbonate precipitates, and is defined as: 
 (6.8) (HCO3+CO3) – (Ca+Mg) ,        
where units are meq/L. 
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The properties of residual alkalinity indicate that Na-HCO3 water types will always 
have positive residual alkalinity values. However, the amalgamation and subtraction 
in the residual alkalinity calculation do not preserve distances within the simplex, 
and thus may have an unwanted, negative effect on multivariate analysis and may 
lead to erroneous interpretations of hydrochemical similarity (Egozcue et al. 2005; 
Engle et al. 2013). An ilr which acts as an alternative to the conventional residual 
alkalinity (b15) can be developed using an appropriate sequential binary partition 
(Table 6.8). This ilr is compared with another ilr between Cl and SO4 (b16) to 
describe the relationships between high HCO3 groundwater and increases in Cl in 
SO4-depleting environments that are typical of CSG water types. Figure 6.9 
compares these two ilr-coordinates for data from the Teviot Brook (Clarence-
Moreton Basin) catchment. High HCO3 and low Ca and Mg groundwater have a b15 
 1. The ilr plot is similar to that described in the residual alkalinity vs Cl plot by 
Duvert et al. (2015b), but the variability of these high HCO3 groundwaters is better 
elucidated when expressed as an ilr coordinate. The relationship between high HCO3 
groundwaters (b15 >1) and increasing Cl in combination with reduction of SO4 (b16) 
is orthogonal and can be modelled using an exponential equation. Increases in δ13C-
DIC along this modelled trend suggest an influence of methanogenesis, and samples 
with high b15 and b16 values showing compositional similarity to CSG groundwater 
from the adjoining Condamine catchment (Surat and Clarence-Moreton basins) (see 
shaded area in Figure 6.9).  
Table 6.8 A sequential binary partition that allows a log-ratio alternative of the residual alkalinity 
versus Cl plot to be developed.  
 
balance Ca Mg HCO3 Cl SO4 
b15 -1 -1 1 
  
b16    1 -1 
 
Although historical isotope data are not always available for preliminary 
hydrochemical investigations, the use of δ13C-DIC here demonstrates that the ilr 
coordinates (for the modelled trend) are capturing changes in the relative proportion 
of ions associated with methanogenesis. In subsequent studies, the delta values of 
stable isotopes, which already represent a type of log ratio, can also be compared to 
ilr coordinates to make further assessments. This is out of the scope of this paper, but 
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a recent example of this application to a different hydrogeological problem is shown 
in Engle et al. (2016). 
 
 
Figure 6.9 Isometric log ratios for groundwater samples from the Teviot Brook catchment (Clarence-
Moreton Basin) based on a sequential binary partition that is intuitively derived from the residual 
alkalinity vs Cl plot as per Figure 5(a) in Duvert et al. (2015b), and partitions HCO3, and Ca and Mg 
(b15) and Cl and SO4 (b16). Plot shows data from Duvert et al. (2015b) (grey shaded squares) and J. 
Li unpublished data (2001) (unshaded squares), with: (i) a potential CSG groundwater pathway 
modelled using a exponential equation; and (ii) a conceptual evapotranspiration pathway as proposed 
by Duvert et al. (2015b). The shaded area represents the density (abundance) of ilr values for CSG 
groundwater samples from the adjoining Condamine pathway River catchment (Surat and Clarence-
Moreton basins). Increases in δ13C-DIC along the modelled CSG pathway (i) are indicative of an 
influence of methanogenesis. Igneous data are from Duvert et al. (2015b) and Li unpublished data 
(2001). 
 
Applying this new set of isometric log ratios to delineate CSG groundwater in a 
complex hydrogeological setting 
Figure 6.10 compares the conventional residual alkalinity versus Cl plot (Figure 
6.10a) with two orthonormal ilr-coordinates (Figure 6.10b) described in Table 6.8 to 
the Condamine River catchment (Surat and Clarence-Moreton basins). Using the 
conventional plot (Figure 6.10a) the high HCO3 of the CSG water is obvious from 
the high residual alkalinity values; however, in this plot the CSG end member shows 
highly variable HCO3 and Cl concentrations.  In addition, many of the samples from 
Kumbarilla Beds appear as intermediate, between some coal measure samples and 
the CSG end member, but using ilr-coordinates described in Figures 6.7 and 6.8, 
these water types were shown to be different.  
In contrast, the ilr-coordinates compared in Figure 6.10b elucidate the compositional 
variability of the samples from this data set. A clear observation from the ilr plot in 
Figure 6.10b is that a distinct pathway in the coal measures towards CSG water types 
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was not observed; however, two groups of coal measures samples with 
compositional similarities to CSG water types are obvious: (ii) shows compositional 
similarity with lower salinity CSG water types that are characterised by high HCO3 
and F, and low Ca and Mg; and (iii) coal measure samples with low HCO3, relatively 
high Cl, and remarkably relatively higher Ca, Mg and SO4. This variability in the 
CSG data shown in Figure 6.10b is synonymous with the variability modelled in 
Figures 6.6 and 6.7. 
Inverse modelling results indicate that compositional changes along a hypothetical 
pathway from (i) to (ii), either from basalt aquifers or parts of the coal measures, can 
be explained by a range of common mineralogical processes, including dissolution of 
dolomite, fluorite, albite and K-feldspars, precipitation of gypsum and kaolinite and 
some calcite, as well as cation exchange. This pathway also requires a source of salt 
to balance the NaCl in the phase mole transfer reaction. Similarly, the inverse 
modelling results for a pathway from (ii) to CSG groundwater with high HCO3 
(described as cluster A1 in Figure 6.6a and c) also require a significant addition of 
NaCl to balance the phase mole transfer. This shows that, even for a compositional 
shift from a high HCO3 water type towards a high HCO3 CSG end member (i.e. CSG 
samples with high b15 values), there must be a significant increase in Cl. (See Table 
6.11 for inverse modelling results).  
A subcluster of coal measure samples shows a general trend of decreasing b15 with 
increasing b16 values (v). The samples in (iii) are from the same subcluster, yet the 
b15 values are much higher: they represent a possible intermediate between 
groundwater that is relatively depleted in HCO3 and higher salinity CSG water 
samples.  
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Figure 6.10 Data for the Surat and Clarence-Moreton basins, showing: a) residual alkalinity versus Cl, 
where residual alkalinity = HCO3 – (Ca+Mg) in meq/L; and b) isometric log ratios that partitions 
HCO3, and Ca and Mg (b15) and Cl and SO4 (b16). Notation for b): (i) = Na-HCO3 low salinity 
groundwater; (ii) = Na-HCO3 low salinity groundwater with compositional similarity to lower salinity 
CSG end member (iv); (iii) = higher salinity (brackish) groundwater with compositional similarity to 
higher salinity CSG end member (iv); (v) brackish groundwater low in HCO3 with some Ca and SO4; 
(iv) the CSG end member, ranging from lower salinity (high HCO3 / b15) to higher salinity (lower 
HCO3, higher Cl / lower b15). Inverse modelling results are shown in Table 6.11.  
A compositional description of groundwater associated with coal seam gas 
While the compositional traits of the CSG end member in the Condamine catchment 
are associated with an increase in the relative proportion of Cl, there are no brines, 
nor have there been any marine incursions in this part of the basin (Cook et al. 2013; 
Jell et al. 2013). Baublys et al. (2015) suggested the higher Cl in some CSG 
groundwater may be because shallower areas of the subcrop had been influenced by 
recharge from more saline sources, such as from the overlying quaternary alluvium. 
However, a recent geochemical assessment of the alluvium does not indicate that 
deep alluvial groundwater is source of high Cl or Ca (Owen et al. 2015a). Similarly, 
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the shallower zones of the coal measures do not appear as a source of high Cl either. 
Some results for shallower areas of the coal measures presented here also do not 
suggest compositional similarities with the brackish CSG end member are 
necessarily related to depth. For example, one brackish coal measure sample from 
(iii) (Figure 6.10b), which is compositionally similar to the brackish CSG 
endmember, occurs in a shallow (~40 m) outcrop of the coal measures in the north 
east of the catchment ranges, adjacent to a basalt outcrop, where recharge is expected 
to be relatively high. Another coal measure sample nearby, in the same outcrop and 
at a similar depth, was found to have b16 ~2 and b15 ~3: this sample is indicative of 
the fresher Na-HCO3 groundwater (Figure 6.10b(i)). This shows large compositional 
variability over small distances that are not related to depth or a spatial flow path.  
Baublys et al. (2015) and Owen et al. (2015c) also offered a number of other theories 
to explain the relatively higher Cl in some CSG groundwater in the Surat Basin, 
being the influences of variability in: a) coal permeability; b) mixed layer clays; and 
c) organic-bound Cl in the coal matrix. Spatial changes in these attributes may 
influence the retention of Cl in coals over small distances.   
We do not propose to resolve the sources of Cl in the CSG end member in this paper. 
However, what we show here is that the variability in the relative proportion of Cl is 
inherently related to a distinct compositional characteristic of the CSG end member. 
We tested the effectiveness of the ilr-coordinates b15 and b16 (Table 6.8) to 
delineate groundwater associated with high gas concentrations via some additional 
sampling in both the deep CSG reservoir and the shallow coal measures in the 
Condamine catchment. The high-gas groundwater from the shallower coal measures 
(shaded squares) showed the same compositional variability despite being in a much 
shallower zone (83-140m). Peculiarly, the shallow coal measure sample (140m) with 
the highest gas concentrations shows compositional similarities with CSG production 
water from depths of around 400-500 m (high b15 values). This adds some weight to 
the theory that the compositional characteristics (the relative proportion of ions) of 
gas-bearing groundwater in the coal seams are related to spatial variability in the 
lithological/coal matrix and/or endemic methanogenesis.  
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Figure 6.11 Additional (new) data for the Surat and Clarence-Moreton basins, showing isometric log 
ratios that partition HCO3, and Ca and Mg (b15) and Cl and SO4 (b16) for the CSG production water 
(WCM: 300-500 m) and shallower areas of the coal measures (WCM: <200 m). Labels in the plots 
represent the depth of the screens within the wells. CH4 data (point scaling) represent dissolved gas 
concentrations. 
Conceptualising the evolution of the characteristic CSG end member 
Taking these results and information we can build a conceptual model of the 
understanding of the evolution of the compositional characteristics of the CSG 
groundwater in the Surat/Clarence-Moreton Basins (Condamine catchment) (Figure 
6.12). Steps 1 to 2 in Figure 6.12 conceptualise the compositional changes from a 
low salinity (i) or brackish (v) starting point.  
At step 2 (Figure 6.12) increases in HCO3 are likely to be related to the 
biodegradation of coal: in both scenarios a) and b) there must be an increase in the 
relative proportion of Cl also, although more so for a). After SO4 reduction is 
complete, high rates of methanogenesis proceed and the characteristic CSG 
composition evolves (step 3). The fact that the behaviour of ions in this composition 
can be modelled indicates two distinct end members (as shown in Figures 6.6 and 
6.7). This result suggests either mixing and/or a hydrochemical response to variable, 
but constrained conditions (e.g. lithology/biological processes). Given that a source 
of high Cl is not observed in underlying or overlying aquifers/zones, then any mixing 
scenario is likely to be related to insitu mixing within the same lithological matrix. 
Variability in the lithological matrix and methanogenic consortia, especially under 
closed conditions, may also, result in a hydrochemical response.  
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Overall, these exact mechanisms and controls on compositional variability need 
resolving. The advantage of using the compositional data analysis techniques here is 
that the large data set (over 500 samples with ~180 from the coal measures) can be 
rapidly assessed and CSG and other groundwater that is likely to contain gas that has 
been generated insitu can be easily delineated. This is vital information. Previously it 
could not be obtained using major ions alone and it cannot be derived from 
conventional plots, such as Piper plots. Note that the conceptual model in Figure 12 
is much more informative than assuming the evolution of the CSG end member in 
these basins follows a theoretical and universal SO4 reduction pathway (Figure 6.1a).  
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Figure 6.12 Conceptual process model of changes in the relative proportion of ions required for the 
characteristic hydrochemical composition of CSG groundwater in the Surat/Clarence-Moreton Basins 
to evolve. Notations (i) to (v) are as per Figure 6.10b. Elements in parentheses (white text) represent 
the relative concentration. The ilr-coordinates b15 and b16 represent the partition of HCO3 and Ca and 
Mg, and Cl and SO4, respectively (as per Table 6.8). The ilr-coordinates b10 and b11 represent the 
partition of Na, K and Cl, and Na and Cl, respectively, as per Table 6.7. Possible Cl sources as per 
Baublys et al. (2015) and Owen et al. (2015), and references therein. 
Delineating CSG pathways in a range of other basins  
The ilr-coordinates b15 and b16 are also effective in delineating groundwater 
associated with high gas concentrations in other basins (Figures 6.13a – c). In the 
Powder River Basin, increasing b15 and b16 values show the depletion of SO4, Ca 
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and Mg, and enrichment of HCO3 along a SO4 reduction pathway (Figure 6.13a). 
The outliers shown in Figure 6.11a(i) are the same outliers observed in Figure 6.3a. 
In the Gulf of Mexico Basin (Texas, USA), a steep increase in b15 values is 
indicative of the cation exchange that occurs in the Eocene aquifer (Grossman et al. 
1989; Zhang et al. 1998). Subsequent increases in b16 values for samples show the 
SO4 reduction required prior to microbial methanogenesis. Samples which contain 
thermogenic gas that has migrated from underlying petroleum reservoirs can be 
distinguished from biogenic samples (Figure 6.13b, (ii)) (Grossman et al. 1989; 
Zhang et al. 1998). Data for the Gunnedah Basin (NSW, Australia) where a CSG end 
member has not been described, show a single sample from the coal-bearing Black 
Jack Formation is distinct (Figure 6.13c) and is likely to be associated with coal and 
may also contain gas.  
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Figure 6.13 An isometric-log-ratio alternative to the RA v Cl for: a) Powder River Basin (USA), 
showing (i); the same outliers identified in Figure 6.3a; b) Gulf of Mexico Basin (USA), showing 
high-gas (biogenic) samples (shown by large point size) and (ii) low-gas samples associated with 
migrated thermogenic CH4; and c) Gunnedah Basin (Australia). 
6.5 CONCLUSIONS 
The typical Na-HCO3 or Na-Cl-HCO3 water type of coal seam gas (CSG) 
groundwater is universal and by now well-known, but while the dominant ions may 
be similar, the compositional variability may be different. In this study, using 
examples from a number of basins in the USA and Australia, we use sequential 
binary partitions to define orthogonal isometric log ratio (ilr-coordinates) coordinates 
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that can describe particular relationships between ions that are unique to different 
water types or aquifers.  
These techniques allow the structure of the compositional simplex to be 
comprehensively investigated with respect to both major and minor ion components, 
and the identification of relationships between the relative proportion of ions that 
cannot be observed using conventional techniques such as Piper plots, Stiff diagrams, 
or classic ion ratios. Relationships between isometric log ratios, expressed as linear 
or quadratic models, derived from appropriate sequential binary partitions are a more 
robust and informative description of water types than the traditional means of 
classifying water types by their dominant ions. Appropriate sequential binary 
partitions can be developed using information derived from clr-bivariate plots, 
covariance matrices of log-ratios and geochemical intuition.   
Using these compositional data analysis techniques the evolution of CSG water types 
in the Powder River Basin (USA) via a SO4 reduction pathway was modelled. In the 
Surat and Clarence-Moreton basins relationships between Ca, Mg, F, HCO3 and Cl 
ions were found to be the major controls on CSG water types. Using appropriate ilr-
coordinates, Na-HCO3 water types in non-gas-bearing zones/aquifers could be 
differentiated from CSG water types by compositional relationships between F, Cl 
and K. These distinctions are unlikely to have been observed using conventional 
techniques and offer important insights into the variability between similar Na-
HCO3water types. 
Finally, this paper developed two ilr-coordinates that can be used to delineate CSG 
water types in large data sets. These ilr-coordinates provide mathematical 
descriptions of the relationships between proportions of ions that are inherently 
related to complex lithological and biological processes in areas where high 
concentrations of biogenic gas occur. Future studies in these basins that are 
concerned with aquifer interaction or the occurrence of gas could benefit by 
designing strategic sampling programs based on results of this study. These 
subsequent studies can apply the same techniques to larger data sets that also contain 
minor ion, trace element or isotope data to make further hydrochemical assessments. 
More broadly, the results presented here demonstrate the value of compositional data 
analysis techniques in describing particular hydrochemical water types, and 
delineating unique water types in large data sets.  
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Table 6.9 Well ID numbers of the outliers identified in Figure 6.3a (i) and the alluvial samples and 
artesian wells identified in Figure 6.3a (ii).  
Outliers in Figure 6.3a (i) / non-production waters described by linear model in 
Figure 6.3d 
Well ID Geological unit  Well ID Geological unit  
2005Q0038 Canyon Coal 
overburden 
2004Q0348 Canyon Coal overburden 
1998Q0270 McKay Coal 2004Q0349 Canyon Coal 
1997Q0914 Anderson Coal   
Wells from non-coal bearing formations or artesian wells that show 
compositional similarity to production waters / CSG water types (Figure 6.3a 
(ii)) 
Well ID Geological unit  Well ID Geological unit  
205591 alluvium 2009Q0788 alluvium 
200949 alluvium 203730 alluvium 
2010Q0384 alluvium 201860 alluvium 
202806 alluvium 2010Q0941 alluvium 
2008Q0183 alluvium 2007Q1046 alluvium 
2007Q0331 alluvium 2007Q0113 artesian well* 
*specific geological unit not defined in database 
 
Table 6.10 Inverse geochemical modelling results for Kumbarilla Beds samples (as described in 
Figure 6.8b). For all scenarios the preeqc.dat database (PHREEQC version 3.1.7-9213) was used. 
Constraints: dissolve = mineral constrained to dissolve until saturation; precipitate = mineral 
constrained to precipitate at saturation; x = no constraint. Phase mole transfers: positive = dissolution; 
negative = precipitation; - no phase mole transfer. NaX, CaX, MgX = cation exchange sites. 
Step 1. (4 significant models) 
Mineral phase Constraint Phase mole transfer for reaction pathway  
Calcite precipitate  -   -  -9.32E-05 -4.75E-03 
Dolomite x 2.32E-03 3.91E-05 3.91E-05 4.70E-03 
Gypsum x 2.24E-05 2.24E-05 2.24E-05 2.24E-05 
Fluorite dissolve 5.90E-05 5.90E-05 5.90E-05 5.90E-05 
Kaolinite precipitate -3.05E-05 
-1.37E-
02 -1.40E-02 -3.05E-05 
K-feldspar dissolve 2.04E-05 2.04E-05 2.04E-05 2.04E-05 
Gibbsite x 4.07E-05 1.83E-02 1.87E-02 4.07E-05 
CO2(g) x 4.01E-03 8.58E-03 8.67E-03 4.01E-03 
H2O(g) x 2.76E+01 2.76E+01 2.76E+01 2.76E+01 
CaX2 precipitate -2.38E-03 
-9.32E-
05 
 -  
9.32E-03 
NaX x 9.32E-03 1.86E-04  -  -4.66E-03 
MgX2 precipitate -2.28E-03  -   -   -  
Albite dissolve  -  9.13E-03 9.32E-03  -  
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Step 2. (3 significant models) 
 
Mineral 
phase 
Constraint 
Phase mole transfer for reaction pathway  
Calcite precipitate  -  -3.02E-03  -    
Dolomite x 1.53E-03 3.03E-03 1.84E-05   
Gypsum x -1.01E-05 -1.01E-05 -1.01E-05   
Fluorite dissolve  -   -   -    
Kaolinite precipitate -1.24E-05 -1.24E-05 -9.06E-03   
K-feldspar dissolve 8.25E-06 8.25E-06 8.25E-06   
Gibbsite x 1.65E-05 1.65E-05 1.21E-02   
CO2(g) x 2.96E-03 2.96E-03 5.97E-03   
H2O(g) x 2.84E+01 2.84E+01 2.84E+01   
CaX2 precipitate -1.51E-03  -   -    
NaX x 6.09E-03 6.09E-03 6.45E-05   
MgX2 precipitate -1.54E-03 -3.05E-03 -3.22E-05   
Albite dissolve  -   -  6.03E-03   
 
 
Step 3. (4 significant models).  
 
Mineral 
phase 
Constraint 
Phase mole transfer for reaction pathway  
Calcite precipitate  -   -  -4.79E-05 -3.82E-03 
Dolomite x 1.87E-03 3.56E-06 3.56E-06 3.78E-03 
Gypsum x 2.03E-05 2.03E-05 2.03E-05 2.03E-05 
Fluorite dissolve 5.03E-05 5.03E-05 5.03E-05 5.03E-05 
Kaolinite precipitate -3.14E-05 -1.12E-02 -1.14E-02 -3.14E-05 
K-feldspar dissolve 2.10E-05 2.10E-05 2.10E-05 2.10E-05 
Gibbsite x 4.19E-05 1.49E-02 1.51E-02 4.19E-05 
CO2(g) x 3.55E-03 7.28E-03 7.32E-03 3.55E-03 
H2O(g) x 2.40E+01 2.40E+01 2.40E+01 2.40E+01 
CaX2 precipitate -1.91E-03 -4.79E-05  -  7.54E-03 
NaX x 7.54E-03 9.58E-05  -  -3.77E-03 
MgX2 precipitate -1.86E-03  -   -   -  
Albite dissolve  -  7.45E-03 7.54E-03  -  
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Table 6.11 Inverse geochemical modelling results for potential pathways towards CSG groundwater 
For all scenarios the preeqc.dat database (PHREEQC version 3.1.7-9213) was used. Constraints: 
dissolve = mineral constri9aned to dissolve until saturation; precipitate = mineral constrained to 
precipitate at saturation; x = no constraint. Phase mole transfers: positive = dissolution; negative = 
precipitation; - no phase mole transfer. NaX, CaX, MgX = cation exchange sites. 
Table 6.11a Inverse modelling results: Pathway = Low salinity Na-HCO3 basalt groundwater (high 
b15 values) → coal measure samples represented by (ii) in Figure 6.10b, as listed in Table 6.12. (2 
significant models) 
 
Mineral 
phase  
Constraint 
Phase mole transfer for reaction pathway  
Calcite precipitate 
 -  
-5.86E-
03     
Dolomite x 2.81E-03 5.74E-03     
Gypsum precipitate -1.22E-04 
-1.22E-
04     
Fluorite x 3.87E-05 3.87E-05     
Kaolinite precipitate  -   -      
K-feldspar dissolve  -   -      
Gibbsite precipitate  -   -      
Halite x 1.17E-02 1.17E-02     
H2O(g) x -5.06E+01 
-
5.06E+01     
CO2(g) x 5.28E-03 5.28E-03     
CaX2 precipitate -2.93E-03 1.15E-02     
NaX x 1.15E-02 
-5.76E-
03     
MgX2 precipitate -2.83E-03  -      
Albite dissolve  -   -      
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Table 6.11b Inverse modelling results: Pathway = Low salinity Na-HCO3 coal measure groundwater 
(high b15 values) → coal measure samples represented by (ii) in Figure 6.10b, as listed in 6.12. (3 
significant models) 
 
Mineral 
phase  
Constraint 
Phase mole transfer for reaction pathway  
Calcite precipitate  -  -4.72E-03  -    
Dolomite x 2.37E-03 4.73E-03  -    
Gypsum precipitate -1.44E-04 -1.44E-04 -1.40E-04   
Fluorite x 3.83E-05 3.83E-05 3.84E-05   
Kaolinite precipitate -2.27E-05 -2.27E-05 -1.43E-02   
K-feldspar x 1.51E-05 1.51E-05 1.51E-05   
Halite dissolve 1.09E-02 1.09E-02 1.09E-02   
Gibbsite x 3.03E-05 3.03E-05 1.90E-02   
CO2(g) x 4.42E-03 4.42E-03 9.16E-03   
CaX2 precipitate -2.36E-03  -   -    
NaX x 9.72E-03 9.72E-03 2.65E-04   
MgX2 precipitate -2.50E-03 -4.86E-03 -1.32E-04   
Albite dissolve  -   -  9.48E-03   
 
Table 6.11c Inverse modelling results: Pathway = Brackish (low HCO3) coal measure groundwater 
(low b15 values) represented by (iii) in Figure 6.10b, as listed in Table 6.12 → CSG samples with 
high Cl and relatively lower HCO3 (low b15 values). (1 significant model).  
 
Mineral 
phase  
Constraint 
Phase mole transfer for reaction 
pathway  
Calcite x  -        
Dolomite x 9.60E-05       
Gypsum precipitate -2.41E-05       
Fluorite x 5.38E-06       
Kaolinite x -1.56E-04       
K-feldspar x 1.04E-04       
Gibbsite x 2.07E-04       
Halite dissolve 3.91E-02       
CO2(g) x  -        
CaX2 precipitate  -        
NaX x  -        
MgX2 precipitate  -        
Albite dissolve  -        
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Table 6.12 Well ID numbers for samples along two potential CSG pathways in the Condamine River 
catchment (Surat and Clarence-Moreton basins); as described in Figure 6.10b: (i) groundwater with 
high HCO3; (ii) groundwaters with similar hydrochemical compositions to high HCO3 CSG 
groundwater; and (iii) relatively more saline groundwater with low HCO3 that show compositional 
similarities to the higher salinity, low HCO3, CSG end member.  
 
Low salinity Na-HCO3 water types (Figure 6.10b (i)) 
Well ID Geological unit  Well ID Geological unit  
83232 Basalt 80866 Basalt 
83231 Basalt 52219 Basalt 
86001 Basalt 94215 Basalt 
94215 Basalt 71328 Basalt 
64580 Walloon Coal Measures 61334 Walloon Coal Measures 
83160 Walloon Coal Measures 31930 Walloon Coal Measures 
71446 Walloon Coal Measures 64567 Walloon Coal Measures 
High HCO3 Na-HCO3 water types similar to low salinity CSG groundwater (Figure 
6.10b (ii)) 
Well ID Geological unit  Well 
ID 
Geological unit  
11797 Walloon Coal Measures 13600 Walloon Coal Measures 
5390 Walloon Coal Measures 10898 Walloon Coal Measures 
  83519 Walloon Coal Measures 
Brackish water types similar to higher salinity CSG groundwater types (Figure 6.10b 
(iii)) 
Well ID Geological unit  Well 
ID 
Geological unit  
35243 Walloon Coal Measures 30997 Walloon Coal Measures 
16625 Walloon Coal Measures   
 
Table 6.13 New data from coal seam gas production wells and shallower areas of the coal measures as 
presented in Figure 6.11.  
sample.ID GEOLOGY HCO3 SO4    Cl Ca Mg Na K CH4 
    meq/L meq/L meq/L meq/L meq/L meq/L meq/L ug/L 
T1 coal seam gas 16.60 0.01 44.79 0.30 0.25 60.00 0.13 11100 
T2 coal seam gas 23.20 0.02 30.14 0.20 0.16 60.00 0.13 17700 
T3 coal seam gas 15.26 0.01 47.32 0.35 0.25 62.17 0.15 8640 
T4 coal seam gas 24.60 0.01 31.27 0.20 0.08 61.30 0.13 18300 
T5 coal seam gas 16.20 0.01 39.72 0.30 0.25 60.87 0.15 6140 
T6 coal seam gas 24.60 0.01 30.14 0.20 0.16 60.87 0.13 2260 
T7 coal seam gas 16.06 0.02 50.70 0.45 0.33 73.04 0.18 17600 
D1 coal seam gas 5.48 0.02 126.20 2.40 1.23 123.91 0.31 1860 
D2 coal seam gas 17.58 0.02 56.34 0.30 0.25 70.43 0.15 3870 
D3 coal seam gas 21.60 0.02 30.70 0.25 0.16 59.57 0.13 2040 
D4 coal seam gas 20.80 0.02 28.73 0.20 0.16 56.09 0.13 21500 
D5 coal seam gas 13.44 0.02 76.90 0.65 0.49 89.13 0.20 22000 
D6 coal seam gas 24.80 0.02 47.32 0.20 0.16 71.30 0.15 18400 
D7 coal seam gas 22.80 0.02 42.82 0.25 0.16 69.13 0.15 19400 
K1 coal seam gas 11.34 0.01 82.82 0.70 0.49 85.65 0.18 14100 
K2 coal seam gas 25.40 0.02 23.10 0.20 0.08 56.96 0.13 7840 
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sample.ID GEOLOGY HCO3 SO4    Cl Ca Mg Na K CH4 
    meq/L meq/L meq/L meq/L meq/L meq/L meq/L ug/L 
K3 coal seam gas 10.68 0.01 74.93 0.65 0.41 86.96 0.20 5550 
K4 coal seam gas 8.60 0.02 89.01 0.85 0.49 102.61 0.23 5160 
K5 coal seam gas 21.80 0.01 35.49 0.20 0.16 63.04 0.15 7990 
K6 coal seam gas 7.86 0.01 88.45 0.80 0.49 93.91 0.20 24800 
K7 coal seam gas 21.80 0.02 39.15 0.20 0.16 63.91 0.15 21000 
P1  
shallow coal 
measures 5.40 0.02 15.24 1.20 1.15 18.91 0.05 12300 
P2 
shallow coal 
measures 5.36 4.42 131.83 26.50 34.72 74.35 0.23   
P4 
shallow coal 
measures 4.74 0.01 22.90 3.04 3.46 22.26 0.10 6850 
P5 
shallow coal 
measures 7.18 3.15 40.85 2.25 2.80 50.43 0.15   
42231390 
shallow coal 
measures 17.72 0.02 15.15 0.25 0.33 31.78 0.08 18000 
P7 
shallow coal 
measures 8.16 10.17 48.73 12.43 11.85 46.52 0.20 95 
P8 
shallow coal 
measures 4.84 0.04 11.75 5.94 7.32 6.22 0.03   
P9 
shallow coal 
measures 4.48 1.04 12.23 0.80 0.16 17.52 0.08   
P12  
shallow coal 
measures 6.32 0.06 2.51 3.29 4.20 3.13 0.13   
P13 
shallow coal 
measures 7.50 1.19 8.06 4.14 4.94 7.91 0.20   
P16 
shallow coal 
measures 4.18 0.04 2.31 0.75 0.41 6.00 0.05   
P19 
shallow coal 
measures 6.18 1.00 23.46 0.90 0.66 31.61 0.10 1390 
IND1 
shallow coal 
measures 8.14 0.17 4.56 0.60 0.25 13.30 0.18 3160 
IND3 
shallow coal 
measures 4.18 0.25 7.30 2.54 1.97 6.74 0.26 487 
 
Table 6.14 Data from the Gunnedah Basin, as presented in Figure 6.13 of the manuscript.     
sample.ID GEOLOGY Na K Ca Mg HCO3 Cl SO4 
    meq/L meq/L meq/L meq/L meq/L meq/L meq/L 
B1 Basalt-Perm 19.83 0.05 5.24 11.85 14.61 15.38 6.63 
B2 Temi Formation 8.17 0.04 5.89 3.76 12.25 1.95 2.72 
B3 Basalt-Perm 9.26 0.03 6.79 1.71 8.44 6.12 1.89 
B4 Basalt-Perm 13.30 0.03 4.60 9.54 7.66 16.62 2.29 
B5 Basalt-Perm 13.22 0.08 15.52 20.24 7.79 34.14 5.58 
B6 Basalt-Tert 3.97 0.04 3.13 9.71 8.93 5.68 0.50 
B7 Black Jack 
formation 20.13 0.07 4.80 8.56 11.52 18.06 3.41 
B8 Black Jack 
formation 16.26 0.44 8.18 18.51 15.31 23.94 3.03 
B9 Black Jack 
formation 26.43 0.28 0.49 0.72 22.39 5.29 0.01 
 
  
Chapter 7: Paper 4 167 
Chapter 7: Thermodynamic and 
hydrochemical controls on CH4 in a coal 
seam gas and overlying alluvial aquifer: new 
insights into CH4 origins (Paper 4) 
 
 
 
 
D. Des. R. Owen
1
*, Shouakar-Stash, O.
2
, Morgenstern, U.
3
, Aravena, R
4
. 
 
 
1
School of Earth, Environmental and Biological Sciences, Queensland University of 
Technology, Brisbane, Queensland, Australia 4000 
2
Isotope Tracer Technologies, Waterloo, ON N2V 1Z5, Canada 
3
GNS Science, Lower Hutt 5014, New Zealand 
4
Department of Earth and Environmental Sciences, University of Waterloo, Ontario 
N2L 3G1, Canada 
 
 
*Corresponding author: dr.owen@qut.edu.au 
 
  
 
Published in Nature: Scientific Reports 
DOI: SREP32407 
NB: This paper is presented in the format required by the journal (i.e. Methods at the 
end) 
 
  
Chapter 7: Paper 4 168 
 
Abstract 
Using a comprehensive data set (dissolved CH4, δ
13
C-CH4, δ
2
H-CH4, δ
13
C-DIC, 
δ37Cl, δ2H-H2O,  δ
18
O-H2O, Na, K, Ca, Mg, HCO3, Cl, Br, SO4, NO3 and DO), in 
combination with a novel application of isometric log ratios, this study describes 
hydrochemical and thermodynamic controls on dissolved CH4 from a coal seam gas 
reservoir and an alluvial aquifer in the Condamine catchment, eastern Surat/north-
western Clarence-Moreton basins, Australia. δ13C-CH4 data in the gas reservoir (-
58‰ to -49‰) and shallow coal measures underlying the alluvium (-80‰ to -65‰) 
are distinct. CO2 reduction is the dominant methanogenic pathway in all aquifers, 
and it is controlled by SO4 concentrations and competition for reactants such as H2. 
At isolated, brackish sites in the shallow coal measures and alluvium, highly depleted 
δ2H-CH4 (<310‰) indicate acetoclastic methanogenesis where SO4 concentrations 
inhibit CO2 reduction. Evidence of CH4 migration from the deep gas reservoir (200-
500 m) to the shallow coal measures (<200 m) or the alluvium was not observed. The 
study demonstrates the importance of understanding CH4 at different depth profiles 
within and between aquifers. Further research, including culturing studies of 
microbial consortia, will improve our understanding of the occurrence of CH4 within 
and between aquifers in these basins.  
7.1 INTRODUCTION 
Methane (CH4) is a ubiquitous substance that occurs in adsorbed, dissolved and free 
gas forms in a range of aquifer, surface water, soil and atmospheric environments(Le 
Mer et al. 2001; Kotelnikova 2002). In surface waters and the shallow subsurface, 
CH4 production and consumption are mediated by microbial processes that are 
stimulated by changes in redox conditions, availability of suitable fermentation 
substrates and electron acceptors (Cord-Ruwisch et al. 1988; Whiticar 1999; 
Kotelnikova 2002). The relative abundance of heavy and light stable isotopes of 
carbon (
12
C/
13
C) and hydrogen (
2
H/
1
H) that comprise CH4 is influenced by certain 
processes including: the type of methanogenic (production) and consumption 
pathways; transport processes such as diffusion and desorption; competition for 
substrates with other reducing organisms (e.g. SO4-reducers); and thermodynamic 
conditions (Botz et al. 1996; Prinzhofer et al. 1997; Conrad 1999; Whiticar 1999; 
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Conrad 2005; Chanton et al. 2006; Strąpoć et al. 2006; Kinnaman et al. 2007; Xia et 
al. 2012). As a result, isotopic data of CH4 can be ambiguous, particularly when 
interpreting data from larger scales, where multiple sources of CH4 exist, where CH4 
has potentially moved or where thermodynamic conditions change. There has been a 
range of research dedicated to understanding these complexities(Whiticar et al. 1986; 
Cord-Ruwisch et al. 1988; Roy et al. 1997; Conrad 1999; Whiticar 1999; Conrad 
2005; Kinnaman et al. 2007; Heimann et al. 2010; Penger et al. 2012). Yet, while 
information on the complex behaviour of CH4 isotopes is readily available, it creates 
some uncertainty about the value of CH4 isotopes as indicators of broader processes, 
such as fugitive emissions or aquifer connectivity (see Figure 7.9 for examples of 
δ13C-CH4 values under a range of different pathways and conditions).  
Recent rapid development of unconventional gas resources such as coal seam gas 
(coal bed methane) or shale gas (CH4 sorbed under pressure in coal measures or 
shale deposits) has spurred interest in understanding the extent of unconventional gas 
resources and the potential for gas migration within and between aquifers. Dissolved 
gas can migrate within and between aquifers either via advection or by a diffusion 
process(Prinzhofer et al. 1997; Etiope 2015). Some previous research in shale-gas-
bearing basins has shown that CH4 can migrate with brines from underlying gas-
bearing aquifers but, in the absence of hydrocarbon reservoirs, it can also be 
generated in situ (Hansen et al. 2001; Aravena et al. 2003; McIntosh 2011).  
This paper investigates origins and transport of dissolved CH4 in a hydrogeological 
setting where a shallow coal seam gas (CSG) reservoir underlies an important 
alluvial water resource (Condamine River catchment, Surat and Clarence-Moreton 
basins, Australia). We use a novel approach, employing a combination of 
hydrochemical, CH4 and isotope data with isometric log ratios (reactants and 
products) and Gibbs free energy calculations from key biological reaction processes 
to describe the thermodynamic constraints on CH4 in the alluvium and underlying 
coal measures. This approach addresses the complexity of CH4 production and 
consumption in the subsurface and the range of associated isotopic responses. The 
approaches/techniques used to address this complexity are outlined in Table 1. 
Previous interpretations of δ13C-CH4 data from a similar area(Iverach et al. 2015) are 
compared to new data presented here and conclusions regarding CH4 migration are 
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reviewed. A minimum suite of parameters required to assess CH4 within and between 
aquifers is proposed for future monitoring and data collection.   
Table 7.1 The applications of the combined approaches used to understand the origins and controls on 
CH4 in this study.  
Approach Application 
δ
13
C-CH4 and δ
2
H-CH4 Collectively these two isotopes allow more informative assessments of 
potential CH4 origins than δ
13
C-CH4 alone. E.g. Acetoclastic methanogenesis 
produces an enriched δ
13
C-CH4 value that is similar to both CSG CH4 and other 
thermogenic CH4, but it can be distinguished from these by the highly 
depleted δ
2
H-CH4 (Whiticar 1999; Golding et al. 2013) 
   
Isotope fractionation factors 
αDIC-CH4 and αH2O-CH4 
The ratio of isotope values between source carbon/hydrogen and that of CH4 
provides insight into the production and consumption pathways(Whiticar 
1999; Conrad 2005; Golding et al. 2013) 
   
Thermodynamic data Reducing organisms, such as SO4 reducers, operate at thermodynamic 
thresholds that inhibit less-competitive methanogenic processes (Cord-
Ruwisch et al. 1988; Conrad 1999; Conrad 2005). Comparisons of Gibbs free 
energy values for production and consumption pathways provide information 
on the extent to which certain reaction processes have proceeded in the 
subsurface.  
   
Isometric log ratios 
(compositional data 
analysis) 
Isometric log ratios allow robust, simultaneous analysis of the ratios of parts 
and subparts, even where the concentration of subparts are very small 
(Egozcue et al. 2003). When applied to the reaction pathways for key 
production and consumption reactions, isometric log ratios satisfy the law of 
mass balance and allow any rate-limiting effects associated with the 
availability of reactants to be elucidated. 
 
7.2 HYDROGEOLOGICAL SETTING 
The Condamine River alluvium (the Condamine alluvium) occurs in the Condamine 
River catchment, which is a large subcatchment (30,451 km
2
) in the headwaters of 
the Murray-Darling Basin in southeast Queensland, Australia. This study focusses on 
the upper, central Condamine alluvium (Figure 7.1a). Hydrogeology and 
hydrochemistry of the alluvium are summarised in previous published work (Huxley 
1982; Dafny et al. 2013; Owen et al. 2015a). The alluvium overlies the Walloon Coal 
Measures (the coal measures) and, on the western alluvial flank, parts of the 
Kumbarilla Beds, which are Jurassic sedimentary features of the Surat and Clarence-
Moreton basins (Figure 7.1b). At the bedrock-alluvial interface an impervious clay 
layer (termed: the “transition layer”) is proposed to limit interaction with the 
underlying coal measures; however, the spatial extent of this transition layer is not 
well known. In some cases, the alluvium has incised the coal measures by up to 130 
m within a paleovalley (QWC, 2012) (Figure 7.1c).  Weathered bedrock materials, 
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including coal fragments, occur throughout the alluvium (Huxley 1982). The 
alluvium is exploited for water reserves for use in large-scale irrigation, mainly 
cotton. Higher quality water is generally found in upstream areas of the study area, 
near Cecil Plains where hydraulic conductivity is higher (Huxley 1982). 
Coal seam gas (CSG) reserves in the underlying coal measures are a significant 
economic resource and gas production in the study area is focussed on areas in the 
south west at depths of ~300-500 m, (see Figure 7.1). Production of coal seam gas 
requires water to be extracted from the coal seam which has raised concerns about 
aquifer connectivity. The CH4 gas in the gas reservoirs is typically biogenic, it tends 
to be concentrated at geological structures, and coal seams are discontinuous (Draper 
et al. 2006; Cook et al. 2013; Golding et al. 2013; Jell et al. 2013; Hamilton et al. 
2014; Baublys et al. 2015). Using δ13C-CH4 of free gas that was collected from 
degassing alluvial wells during pumping, a recent study concluded that CH4 leakage 
from the coal measures to the alluvium was occurring in some areas and this was 
used to infer aquifer connectivity (Iverach et al. 2015). However, this study did not 
collect any CH4 data (free or dissolved) from the underlying coal measures for 
reference. A previous study that examined δ7Li within and between coal measure and 
basalt aquifers found very low concentrations of Li in the alluvium when compared 
to the coal measures (Owen et al. 2015b). Assuming conservative behaviour of the Li 
ion (Murray et al. 1981; Hem 1985; Wrenn et al. 1997; Carrillo-Rivera et al. 2002; 
Richards et al. 2015), these results suggest significant solute transport between these 
aquifers is not occurring. While the gas reservoir that underlies the Condamine 
catchment is relatively shallow compared to some other areas in the Surat Basin, the 
commercially viable gas reservoir that directly underlies the Condamine catchment is 
relatively deep (typically 300-500 m) when compared to the maximum alluvium 
depth (130 m). In this paper we refer to two areas of the coal measures as follows: 1) 
the CSG or gas reservoir (200-500 m) of the coal measures where commercial gas 
reserves are found; and 2) the shallow coal measures: shallower zones of the coal 
measures (<200 m) that are up gradient of the gas reservoir, but which are underlying 
or adjacent to the alluvium (see Figure 1b).   
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Figure 7.1 Hydrogeological setting and study area, showing a) location of the Condamine River 
catchment and Surat/Clarence-Moreton basins in eastern Australia; and b) conceptual cross section of 
the Condamine alluvium and adjacent sedimentary features. For a) the basin boundary is defined as 
the Kumbarilla Ridge (Cook et al. 2013; Hamilton et al. 2014 and references therein). For b) the land 
surface and alluvial depth profile is real, as taken from the Condamine Groundwater Visualisation 
System (GVS) (Cox et al. 2013): the outcrops and depth extent of the olivine basalt and sedimentary 
bedrock features have not been mapped in detail and are represented as conceptualisations based on 
existing literature (Lane 1979; Huxley 1982; QWC 2012). 
7.3 RESULTS AND DISCUSSION 
7.3.1 Redox and salinity conditions 
The deep gas reservoir is characterised by highly reduced SO4 (typically less than 
detection limit (DL) (1 mg/L, or 0.02 meq/L)), and brackish water (Cl = 1000 – 4500 
mg/L or 28 – 127 meq/L). In the shallower coal measures the SO4 and Cl 
concentrations are more variable and show a positive relationship, ranging from < 
0.1 mg/L to 488 mg/L (10 meq/L) for SO4 and 82 mg/L (2.3 meq/L) to 4680 mg/L 
(131.8 meq/L) for Cl . The majority of shallow coal measure samples have SO4 
concentrations below 50 mg/L (1 meq/L). A single coal sample from the shallow 
coal measures underlying the alluvium at Cecil Plains showed small amounts of 
pyrite; however, SO4 concentrations at this site ranged from 8-12 mg/L (0.16 – 0.25 
meq/L), indicating that SO4 is not completely reduced at this site.  Salinity in the 
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alluvium is also highly variable (Cl ranging from 35 - 8700 mg/L, or 1 - 245 meq/L) 
and also shows a positive relationship with SO4, which ranges from < 1 mg/L to 988 
mg/L (20 meq/L). Peak Cl and SO4 concentrations are found in shallow (~20 m) 
wells. This is consistent with the findings of Owen and Cox (Owen et al. 2015a), 
which showed higher salinity is related to evapotranspiration processes. 
NO3 is low in all aquifers: typically <0.05 mg/L (0.001 meq/L), with 8 samples 
having NO3 below DL (0.01 mg/L or 0.00016 meq/L) for the shallow coal measures, 
and ranging from 0.02 mg/L (3.23e-04 meq/L) to 2.3 mg/L (3.64e-02 meq/L), with 
three samples below DL (0.01 mg/L or 1.61e-04 meq/L), for the alluvium. With the 
exception of one shallow coal measure sample underlying a basalt outcrop (P19) and 
a shallow (~27 m) alluvial well (ID GM1076), all samples that contained CH4 had 
NO3 concentrations below 0.006 meq/L (0.37 mg/L) which is favourable for 
methanogenesis (Humez 2016).  We found no NO2 above DL (0.01 mg/L) in any 
aquifer: this shows that significant denitrification is not occurring in these aquifers.   
Data on dissolved Fe
2+
/Fe
3+
 and Mn species were not available, however, total 
dissolved concentrations of these ions were low in all aquifers in the study area. In 
the alluvium, Fe above DL (0.05 mg/L) was found at only 5 sites, (0.11 – 4.86 
mg/L), while Mn concentrations were above DL (0.001 mg/L) at only 12 sites, the 
majority of which had Mn concentrations <0.01 mg/L. In the shallow coal measures, 
8 samples had Fe above DL, with 6 of these being <0.8 mg/L, while only Mn 
concentrations were <0.09 mg/L at the majority (n=12) of sites. These low values 
compare with production water which is highly reduced (SO4 < 1 mg/L) (see 
Supplementary Information Table 7.6).  
7.3.2 Tritium 
Tritium analyses (DL = 0.02 TU) were performed at selected sites: shallow coal 
measures (n=5) and alluvium (n=9). Significant 
3
H was observed for only one 
shallow coal measures well (P12, 0.95 TU): this well occurs on the basalt ranges 
under a thin basalt outcrop in a recharge area and contained no CH4. Only 2 shallow 
alluvial wells (~27 m (GM1076) and 41 m (GM1338)) were found to have detectable 
3
H (0.05 TU and 0.22 TU, respectively): these were located ~6 and 16 km from the 
river, respectively. Only one of these wells contained CH4 (GM1076: 0.05 TU). 
Alluvial wells with no detectable tritium ranged from 18 m – 89 m in depth, 
including 4 wells < 40 m. The absence of tritium in the majority of shallow wells 
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indicates limited to no modern recharge. While river recharge is considered 
important in this alluvial system (Dafny et al. 2013), we found no tritium in a 57 m 
deep alluvial well (GM0057) located approximately 1.4 km from the river.  
7.3.3 Stable isotopes of chlorine (δ37Cl) 
δ37Cl was measured for all samples containing CH4 within and between aquifers to 
provide an additional parameter for understanding possible CH4 migration via a 
diffusion pathway. δ37Cl for these samples ranged from -2.52‰ to -0.1‰ in the CSG 
reservoir; -1.11‰ to 0.8‰ in the shallow coal measures; and -0.72‰ to 0.89‰ in 
the alluvium.   
7.3.4 Dissolved organic carbon 
Dissolved organic carbon (DOC) is typically low in coal measures and alluvium 
aquifers, ranging from 0.3 - 1.6 mg/L, and 0.1 - 3.9 mg/L, respectively. The 
shallowest well (GM1073: 18 m) had the second highest DOC in the alluvial data set 
0.4 mg/L, although DOC of all alluvial and coal measure samples could be 
considered low compared to other studies (Wassenaar et al. 1991; Aravena et al. 
1993; Aravena et al. 2003).  We found no relationship between DOC and CH4 
concentrations in either aquifer. 
The two alluvial wells that contained detectable tritium (GM1076 and GM1338) 
contained 0.2 and 0.4 mg/L of DOC, respectively. Two wells that occur at the 
alluvial-coal measure interface had DOC concentrations of 0.4 mg/L (GM1193: 110 
m) and 7 mg/L (IND2: 85 m). The shallower sample contained no CH4 and presented 
as an anomaly in the dataset. δ7Li for this sample(Owen et al. 2015b) and lithological 
analysis confirm it is in the upper layer of the coal measures (~7 m below the alluvial 
basement). The other sample at the alluvial-coal measure transition zone (110 m) 
contained CH4 and occurs in an area where the alluvium appears to have incised the 
coal measures; drill logs show it contains both sand and coal fragments. 
7.3.5 CH4 within and between aquifers  
Dissolved CH4 concentrations in the deep CSG reservoir ranged from 2000 µg/L – 
25000 µg/L (n=21). In total, 7 of the 14 shallow coal measure wells contain 
dissolved CH4 above DL (10 µg/L): concentrations ranged from 95 – 18000 µg/L. Of 
the 23 wells sampled in the alluvium, only 5 were found to contain CH4, with 
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concentrations ranging from 10 – 535 µg/L. All alluvial samples with dissolved CH4 
were found in monitoring wells which were sampled using low flow techniques.  
In this study, CH4 is predominantly the sole hydrocarbon above DL (10 µg/L), with 
only 2 samples in the shallow coal measures (IND1 and IND3) containing small 
concentrations of ethane and propane above DL (10 µg/L). 
Figures 7.2a and b conceptualise the spatial distribution of CH4 in the shallow coal 
measures and the alluvium, respectively. The dissolved CH4 in the alluvium occurred 
over a large depth range (~20 – 110 m) and over a large spatial area: CH4 distribution 
in the alluvium is relatively sparse, and peak alluvial-CH4 concentrations do not 
show any spatial relationship with peak CH4 concentrations in the underlying coal 
measures.  
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Figure 7.2 CH4 µg/L contours for a) the coal measures, including the gas reservoir and the shallow 
coal measures; and b) the alluvium. CSG production sites are marked by arrows in a). Contours were 
determined using the spline tool in ArcGIS v 10.1, which interpolates a raster surface from points 
using a two-dimensional, minimum curvature spline technique. This representation of CH4 µg/L 
distribution should be used for conceptual/visualisation purposes for this data set only, as 
methanogenic and methanotrophic conditions may only be favourable at discrete locations and 
because contours between points represent a conceptual change in the concentration gradient between 
measured samples only. 
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7.3.6 δ13C-CH4 and δ
2
H-CH4 within and between aquifers 
While thermogenic methane typically has more enriched δ13C values, biogenic CH4 
can also have δ13C values within what is considered a typical thermogenic range. For 
example, the dominance of acetoclastic methanogenesis (Whiticar et al. 1986; Blair 
et al. 1992; Kotelnikova 2002; Conrad 2005; Flores et al. 2008; Golding et al. 2013), 
shifts in seasonal availability of the substrate(Moura et al. 2008; Riveros-Iregui et al. 
2008), enrichment of the CO2 pool as a result of on-going methanogenesis (Whiticar 
1999), and anaerobic (AOM) or aerobic oxidation of CH4 (Ahmed et al. 2001; 
Tsunogai et al. 2002; Kinnaman et al. 2007) can all produce CH4 that is relatively 
enriched in δ13C (see Figure 7.9 for a summary). Fractionation factors can offer 
insights into production and consumption pathways: αDIC-CH4 of ~1.07 and αH2O-CH4 
of ~1.2 are typically indicative of CO2 reduction pathways, while of αDIC-CH4 ~1.04 
and αH2O-CH4 ~1.4 are typically indicative of acetoclastic methanogenesis or an 
oxidation pathway (Whiticar 1999; Chanton et al. 2005; Conrad 2005).   
In the gas reservoir, the δ13C-CH4 and δ
2
H-CH4 values ranged from -58‰ to -49‰, 
and -210‰ to -198‰, respectively, and correlate with positive δ13C-DIC values 
(+9‰ to +23‰) (Figure 7.3a). The αDIC-CH4 and αH2O-CH4 of CSG production water 
are consistently around 1.07 and 1.2, respectively, and there is a positive relationship 
between the δ13C-CH4 and the δ
13
C-DIC (Figures 7.3a and b). This, in combination 
with no other hydrocarbons above DL, is indicative of a biogenic CO2-reduction 
pathway in a closed system (limited CO2 pool). This is synonymous with gas 
trapping on geological structures in closed environments, such as anticlines and 
synclines. The predominance of biogenic CH4 in the coal measures in this basin is 
supported by a number of other studies, with the most recent work suggesting 
microbial CH4 in these reservoirs was generated since the late Pleistocene (Draper et 
al. 2006; Golding et al. 2013; Hamilton et al. 2014; Baublys et al. 2015).  
In the shallow coal measures, the δ13C-CH4 and δ
2
H-CH4 ranged from 80‰ to -50‰, 
and -310‰ to -210‰, respectively. In the case of the alluvium, the data showed a 
similar range of -78‰ to -49‰, and -315‰ to -186‰, for δ13C-CH4 and δ
2
H-CH4, 
respectively. The range of δ13C-DIC values was also similar between the shallow 
coal measures and the alluvium: -15.9‰ to -3.5‰, and -15.3‰ to -6.6‰, 
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respectively. The δ13C-CH4 and δ
2
H-CH4 and associated fractionation factors 
indicate CO2 reduction is the dominant pathway in the shallow coal measures, but 
variability in this data for the shallow coal measures and alluvium suggest there may 
be multiple production and/or consumption pathways influencing CH4 in these 
aquifers. The enriched δ13C-CH4 (-50‰) and highly depleted δ
2
H-CH4 (<310‰), and 
carbon and hydrogen fractionation factors of ~ 1.4 for a single shallow coal measure 
(P7) and alluvial sample (IND4) (Figures 3a and b), are synonymous with 
acetoclastic methanogenesis (Waldron et al. 1999; Whiticar 1999). These occur in 
isolation: under basalt sheetwash near Bowenville (shallow coal measures sample), 
and on the opposite side of the alluvium near Stratheden (alluvial sample) (see 
Figures 7.2 and 7.10). Acetoclastic methanogenesis has not been observed before in 
the Walloon Coal Measures in the Surat and Clarence-Moreton basins, although 
evidence of this pathway has been observed at basin margins in other areas (Draper 
et al. 2006; Flores et al. 2008; Papendick et al. 2011; Golding et al. 2013; McIntosh 
et al. 2014; Quillinan et al. 2014; Baublys et al. 2015). In both cases these samples 
are found at relatively higher salinity and SO4 concentrations: for the shallow coal 
measures sample, Cl = ~1775 mg/L or 50 meq/L, and SO4 = 480 mg/L or 10 meq/L; 
for the alluvial sample, Cl = 5990 mg/L or 168 meq/L, and SO4 = 144 mg/L or 3 
meq/L.  
The only coal measure samples that contained hydrocarbons in addition to CH4 were 
found at a nested site at Cecil Plains: these samples (IND1 and IND3) contained 
small concentrations of ethene (70 and 25 µg/L) , ethane (30 and 25 µg/L) and 
propene (24 and <10 µg/L) which suggests a mixed thermogenic/biogenic gas 
component. However, the depleted δ13C-CH4 of these samples (-71‰ and -65‰, 
respectively) as well as the αDIC-CH4 and αH2O-CH4 indicate biogenic CH4 is dominant 
at these sites.  
7.3.7 δ18O and δ2H in water 
The CSG production water tends to be more isotopically depleted (ranging from -
7.2‰ to -5.2‰, and -44.1‰ to -33.1‰, for δ18O and δ2H, respectively) than the 
shallow coal measures (ranging from -5.5‰ to -4.3‰, and -36.2‰ to -28.2‰, for 
δ18O and δ2H, respectively) and the alluvial water (ranging from -5.9‰ to -4.2‰, 
and -38.2‰ to -26.8‰, for δ18O and δ2H, respectively). This indicates that these 
deeper areas of the coal measures were recharged during cooler climates than the 
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shallow coal measures and alluvium (Figure 7.3c). These values are within the range 
previously reported for production water in the Surat Basin, which suggests recharge 
during the last glacial period in south east Queensland (Hamilton et al. 2014; 
Baublys et al. 2015). We found no evidence of a spatial relationship between the 
similarities in the stable isotopes of water from the alluvium and shallow coal 
measures samples and those from the gas reservoir (CSG production water): for 
example, the alluvial sample with depleted stable isotopes of water is found in a 
shallow well (18 m) located on the north eastern flank of the alluvium and is not 
related to the gas reservoir. Similarly, the most depleted shallow coal measures 
sample occurs in the ranges near a basalt outcrop. Some caution needs to be applied 
to interpretations of the stable isotope of water in CSG production water results 
because high rates of methanogenesis can influence the δ2H-H2O in closed systems 
(Clark et al. 1997; Flores et al. 2008; Quillinan et al. 2014).  
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Figure 7.3 Comparisons between: a) δ13C-CH4 and δ
13C-DIC; b) δ2H-H2O and δ
2H-CH4; and c) δ
18O-H2O and 
δ2H-H2O between aquifers in the study area. For c): GMWL = Global Meteoric Water Line; LMWL = Local 
Meteoric Water Line at Toowoomba (Crosbie et al. 2012). For b): long-dashed lines = range of combined 
hydrogen isotope effects for CO2-reduction as reported in Whiticar (1999), being δ
2H-CH4  =  δ
2H-H2O – 165‰ 
(±15‰); and short-dashed lines = range of combined hydrogen isotope effects for acetoclastic methanogenesis in 
sulfate-poor systems as reported in Waldron et al. (1999), being δ2H-CH4  = 0.675 ×  δ
2H-H2O – 284‰(±6‰). 
For b), arrows represent the range of isotope effects where a combination of methanogenic pathways has 
potentially influenced isotopes as reported in Whiticar (1999). For a), Alluvium – Free CH4
a = free gas samples 
taken from the well-head space of irrigation bores after extended pumping (up to 3 months) near Cecil Plains, as 
reported in Iverach et al.(2015). 
7.3.8 Assessing potential migration from the CSG reservoir to the shallow coal 
measures 
At the depth interface between the gas reservoir and the shallow coal measures there 
is a distinct shift in the relative enriched δ13C-CH4 values towards more depleted 
isotope values for samples from the shallow coal measures. Diffusion of CH4 may 
lead to lighter δ13C-CH4 (Prinzhofer et al. 1997) and a depletion of CH4 along a 
diffusion pathway (Prinzhofer et al. 1997). Similarly diffusion of Cl would also lead 
to a distinct depletion of δ13Cl in combination with a decrease in TDS. However, for 
these data, an upward diffusion scenario from the CSG reservoir to shallower areas is 
not evidenced from the δ13Cl, TDS, CH4 or δ
13
C-CH4 data (Figures 7.4a-d). This 
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distinct change in the δ13C-CH4 values indicates that there is no evidence of leakage 
from the deeper gas reservoir to overlying shallow zones in the coal measures, either 
via diffusion or ebullition/advection. Therefore, the variability of the δ13C-CH4 in the 
shallow coal measures must be the result of changes in methanogenic pathways 
and/or consuming processes.  
 
Figure 7.4 CSG groundwater and other groundwater samples that contain CH4 > 10 µg/L, showing: a) 
TDS versus screen depth; b) δ37Cl versus screen depth; c) CH4 versus screen depth; and d)  δ
13
C-CH4 
versus screen depth.   
7.3.9 The influence of SO4 on CH4 in the shallow coal measures 
A decrease in the αDIC-CH4 as the δ
13
C-CH4 becomes more depleted in the shallow 
coal measures suggests influences of different methanogenic pathways (Figure 7.5a). 
This is generally associated with a depletion of SO4 (Figure 7.5b). The presence of 
SO4 can limit methanogenic activity, particularly for CO2 reducers, because SO4-
reducing organisms are better at accessing both H2 and acetate (Lovley et al. 1983; 
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Cord-Ruwisch et al. 1988; Le Mer et al. 2001; Conrad 2005; Stams et al. 2005; 
Heimann et al. 2010). In most cases the SO4 reducers maintain H2 levels below a 
threshold at which CO2 reducers can compete, resulting in complete inhibition of 
CO2 reduction. In contrast, acetoclastic methanogens, despite having a slower growth 
rate, can compete for acetate with SO4 reducers to the point where both organisms 
can co-exist (Stams et al. 2005). Therefore, as SO4 depletes in the coal measures, we 
can expect changes in the methanogenic community, from one where CO2 reduction 
is inhibited by SO4 reducers and where some acetoclastic methanogenesis can occur, 
to one where CO2 reduction dominates over acetogens. This has implications for the 
δ13C-CH4 and could explain why the αDIC-CH4 changes as the δ
13
C-CH4 depletes 
(Figure 7.5a). This hypothesis is supported by a decrease in SO4 concentrations as 
the CH4 increases (Figure 7.5e). A positive relationship between CH4 concentrations 
and δ13C-DIC (Figure 7.5c) demonstrates active methanogenesis and, where SO4 
becomes depleted and CO2 reduction becomes dominant, higher CH4 concentrations 
indicate higher rates of methanogenesis via the CO2-reduction pathway. Data do not 
indicate an influence of DO concentrations on CH4 or associated isotopes (Figure 
7.5d), although methanogens can tolerate low concentrations of DO (Kato et al. 
1997). Spatially variable CH4 in the coal measures is supported by other recent 
studies which suggested variability in recharge as a possible influence (Feitz et al. 
2014; Walker et al. 2014). In this study, variability of recharge may be contributing 
SO4 (either through discharge or pyrite dissolution) and DO, particularly in the 
shallower zones. 
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Figure 7.5 a) δ13C-CH4 versus αDIC-CH4 values for all dissolved and free gas samples (regression line 
is for shallow coal measures (grey squares) only), as well as dissolved CH4 samples for shallow coal 
measures showing: b) log SO4 meq/L versus αDIC-CH4  values; c) δ
13
C-DIC versus log CH4 µg/L; d) DO 
mg/L versus log CH4 µg/L; and e) log SO4 meq/L versus log CH4 µg/L. For a), Alluvium – Free CH4a 
= free gas samples taken from the well-head space of irrigation bores after extended pumping (up to 3 
months) near Cecil Plains, as reported in Iverach et al. (2015). 
7.3.10 Thermodynamic controls on CH4 in the shallow coal measures 
In order to further explore the potential dynamism between CH4 production 
pathways, SO4 reduction, potential anaerobic oxidation of CH4 (AOM) and their 
influences on carbon and hydrogen isotopes at these large scales, we use a novel 
combination of thermodynamic information and changes in the activities of reactive 
species and isotope data expressed as isometric log ratios. A key aspect of this 
approach is understanding the behaviour of H2, which is a rate-limiting reactant for 
both CO2 reduction and SO4 reduction, while other reactants, such as HCO3 and SO4 
may also provide favourable/unfavourable conditions for certain microbial pathways 
in coal seams (Cord-Ruwisch et al. 1988; Lovley et al. 1988; Conrad 1999; Conrad 
2005; Strąpoć et al. 2008b).  
A sequential binary partition is used to calculate each isometric log ratio (Egozcue et 
al. 2005). The sequential binary partition for each reactant shown in equations 7.6, 
7.7 and 7.8 (CO2 reduction, SO4 reduction and AOM, respectively) is shown in 
Tables 7.2, 7.3 and 7.4, respectively. The activity of H2O is ignored in relevant 
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reactions, since it is always ~1. All ilr-coordinates are calculated using equation 7.1. 
In all isometric log ratio (ilr) calculations, the first ilr represents the compositional 
changes in the reaction pathway (products versus reactants). As a result, the first ilr 
(ilr.1) for each reaction pathway is similar to the reaction quotient (Q) used to 
calculate the change in Gibbs free energy. Using this approach, the principles of 
compositional data analysis and the law of mass balance holds, such that changes in 
the composition of species subsequently change the composition of the reactants and 
products. Where the reaction pathway is limited by the availability of one or more 
reactants, the ilr.1 is expected to follow a linear relationship with the changes in 
Gibbs free energy. The remaining ilr-coordinates partition the reactants into 
subcompositions, thus describing the availability of reactants for the reaction.   
Table 7.2 Sequential binary partition for the CO2 reduction pathway 
 
 
[H+] [H2] [HCO3] [CH4] 
CO2_ilr.1 -1 -1 -1 1 
CO2_ilr.2 -1 1 -1  
CO2_ilr.3 -1  
1 
 
 
Table 7.3. Sequential binary partition for the SO4 reduction pathway 
 
 
[SO4] [H2] [H
+] [HS-] 
SO4_ilr.1 -1 -1 -1 1 
SO4_ilr.2 -1 1 -1  
SO4_ilr.3 1  
-1 
 
 
Table 7.4 Sequential binary partition for the anaerobic oxidation of CH4 (AOM) pathway. 
 
 
[HCO3] [CH4] [SO4] [HS
-] 
AOM_ilr.1 1 -1 -1 1 
AOM_ilr.2 1 
  
-1 
AOM_ilr.3 
 
1 -1 
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Figure 7.6 Microbial reaction pathways in the shallow coal measures (<200 m) for a) methanogenesis 
via CO2 reduction; b) SO4 reduction; and c) anaerobic oxidation of CH4 (AOM), showing: comparison 
of isometric log ratios (ilr) derived from the partitioning of reactants and products (ilr.1 – solid circles) 
and the partitioning of reactants (ilr.2 – open circles) (see Tables 3 – 5 for respective SBPs) and: (i) 
changes in Gibbs free energy standardised to the number of electrons transferred for each reaction (8) 
(G/e-); (ii) Rayleigh fractionation of δ13C-CH4; and (iii) Rayleigh fractionation of δ
2
H-CH4. Dashed 
arrows in (i) represent the direction in which the thermodynamic reaction proceeds (approaches 
equilibrium). Under acetoclastic methanogenesis the δ13C-CH4 can be relatively enriched, yet should 
become more depleted as CO2 reduction proceeds. In the same context, the δ
2
H-CH4 is highly 
depleted under acetoclastic methanogenesis, yet more enriched under CO2 reduction. As a result a 
reciprocal response between carbon and hydrogen isotopes is expected as the reaction pathway 
changes: therefore, the R - δ13C-CH4 is defined as R = Ri f 
(1-α)
, while R - δ2H-CH4 is defined as R = Ri 
f 
(α-1)
, where f = 0 = min CH4.  The acetoclastic sample is marked with a cross in (i). * = samples 
containing ethene (70 and 25 µg/L) , ethane (30 and 25 µg/L) and propene (24 and 0 µg/L).  
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For the CO2 reduction pathway scenario (Figures 7.6a (i)-(iii)), a decrease of H2 
relative to other reactants (H+ and HCO3
-
) (CO2-ilr.2) occurs as the reaction pathway 
proceeds (G/e- become less negative). This can be interpreted as the consumption 
of H2 as methanogenesis proceeds and as SO4 is depleted. The inverse relationship 
with the CO2-ilr.1 (reactants vs products) shows that the availability of H2 in higher 
SO4 environments is limiting CO2 reduction pathways. A depletion in the relative R-
δ13C-CH4 and enrichment of R-δ
2
H-CH4 isotope along this pathway support a shift 
from acetoclastic methanogenesis in higher SO4 environments where competition 
from SO4 reducers is higher to one where CO2 reduction becomes dominant in lower 
SO4 environments. In addition to low SO4 concentrations, low H2 and low HCO3 
concentrations can also create more favourable conditions for CO2 reducers (Strąpoć 
et al. 2008b).  
For the SO4 reduction pathway (Figure 7.6b (i)-(iii)), poor relationships between all 
SO4-ilr.2, G/e- and isotopic responses was observed. This indicates different 
controls on the SO4 reduction pathway: it does not appear to be limited by the 
availability of reactants, including H2 and, with the exception of the obvious 
acetoclastic sample, does not appear to accompany a distinct carbon or hydrogen 
isotopic response.  
Increases (less negative) in the G/e- for the AOM pathway are accompanied by an 
increase in the relative concentration of CH4 to SO4 (AOM-ilr.3), which shows that 
as AOM proceeds, the system moves towards one where the CH4/SO4 ratio increases 
(Figures 7.6c) (i)-(iii)). This indicates that, as the AOM reaction approaches 
thermodynamic equilibrium, the amount of SO4 available for the reaction decreases, 
yet CH4 must continue to be produced. The availability of SO4 appears to be a 
limiting reactant for the AOM pathway. These relationships are accompanied by a 
relative depletion of R-δ13C-CH4 and enrichment of R-δ
2
H-CH4 values as CH4 
concentrations increase. Any CH4 oxidation in higher SO4 environments, as well as 
the slow growth rate of acetoclastic methanogens, is likely to contribute to the 
relatively lower CH4 concentrations in higher SO4 environments. In some cases 
AOM can occur in tandem with methanogenesis (Smemo et al. 2007). However, due 
to generally low S2
-
 and HS
-
 being <DL for all samples, we do not expect the 
influence of AOM to be significant when compared with the influence of SO4 and 
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shifts from acetoclastic methanogenesis to CO2-reduction. At an isolated site 
underlying a basalt outcrop (P19), NO3 concentrations were slightly above DL (0.01 
mg/L) at 0.02 mg/L (3.23e-04 meq/L), but the highly depleted δ13C-CH4 (-80‰) at 
this site does not suggest oxidation via denitrification is occurring. 
7.3.11 Assessing potential migration of CH4 from the shallow coal measures to 
the alluvium 
Nested sites. Three (n=3) nested sites that include wells in the underlying coal 
measure and overlying alluvium wells were sampled: (1) Cecil Plains; 2) Stratheden; 
and 3) Dalby (see Figure S2). At all sites CH4 was observed in the underlying 
shallow coal measures, or the Kumbarilla Beds, but no CH4 was found in the alluvial 
wells.  
At the Stratheden nested well site (IND4, IND5, IND6), water levels are similar, 
indicating there is not a significant pressure gradient to induce groundwater flow, and 
the absence of CH4 in the intermediate well does not suggest upward CH4 at this site. 
The δ13C-CH4 of the alluvial CH4 at this site is more enriched (-50‰) when 
compared with the deeper Kumbarilla CH4 sample (-68‰): the highly depleted δ
2
H-
CH4 of the alluvial sample (-315‰) indicates acetoclastic methanogenesis (Waldron 
et al. 1999; Whiticar 1999).  
At the Cecil Plains nested site (P20, IND1, IND2, IND3) the sample with peak DOC 
(7 mg/L) (IND2) occurred in the alluvial-coal measure transition zone (85 m, ~7 m 
below the alluvial basement), but the DOC of the overlying alluvial sample was 
significantly lower (0.3 mg/L). On the same note, the CH4 samples from the two coal 
measures samples at this site is accompanied by small concentrations of ethene (70 
and 25 µg/L) , ethane (30 and 25 µg/L) and propene (24 and <10 µg/L); yet we found 
no other hydrocarbons in the alluvial sample (DL for all hydrocarbons = 10 µg/L). 
Similarly, at the Dalby nested site (GM1390, GM1074) no CH4 was found in the 
alluvial well (see Figure 7.10 for details of nested sites). We conclude that no CH4 
migration from the underlying coal measures into the alluvium is occurring at these 
sites.  
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Dissolved CH4 in the alluvium. Results show that the CH4 in the shallow coal 
measures that directly underlie the alluvium are depleted in δ13C-CH4 (-80‰ to -
65‰), and have δ2H-CH4 between -222‰ and -209‰. Fractionation factors and 
thermodynamic results indicate CH4 in the shallow coal measures is generated 
predominantly via the CO2 reduction pathway, with SO4 concentrations being a 
major control. Subsequently, the assessment of potential migration of CH4 from the 
coal measures to the alluvium must consider this CH4 of the shallow (underlying) 
coal measures as the appropriate end member. The lack of evidence of CH4 leakage 
from the gas reservoir to the shallow coal measures, and the abrupt shift from 
enriched δ13C-CH4 (-58‰ to -49‰) of the gas reservoir to the depleted δ
13
C-CH4 of 
the shallow coal measures indicate that the migration of CH4 from the gas reservoir 
to the alluvium at these sites is not a plausible scenario based on these data. 
Variability in the TDS and CH4 concentrations, as well as the δ
37
Cl (Figure 4), and 
similar ranges of δ13C-CH4 and δ
2
H-CH4 between the underlying coal measures and 
deep alluvial samples (Figures 7.7d and e) also do not suggest diffusion of CH4 from 
the underlying coal measures to the alluvium.  
No relationship between depth and CH4 concentration in the alluvium was observed 
at sites sampled in this study, with the highest concentrations occurring at ~60 m 
(Figure 7a). Thermodynamic conditions in the alluvium are suitable for all reaction 
pathways to occur (Figure 7.7c); however, the variability of CH4 concentration in the 
alluvium is related to the inverse of SO4 concentration (Figure 7.7a), demonstrating 
the influence of SO4 reduction on methanogenic activity. High concentrations of SO4 
accompany high TDS (salinity) and large decreases in the Br/Cl ratio (Figures 7.7a 
and b). This shows that different controls on salinity influence these high SO4 
concentrations. The relatively consistent δ2H-H2O at maximum salinity shows that 
the CH4 and related hydrochemical conditions are not necessarily related to different 
sources of water or simple evaporation processes, and are more likely to reflect the 
accumulation of salts, including gypsum, or transpiration at a less permeable zone. 
Interestingly, the high-SO4 zone coincides with depleted δ
2
H-CH4 values (-315‰) 
that indicate acetoclastic methanogenesis (Figure 7.7e). This explains the more 
enriched δ13C-CH4 for this sample (IND4) and it is a similar scenario to that which 
we observed in the coal measures.  
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δ13C-CH4 and δ
2
H-CH4 values for two deep alluvial samples (GM1193 and GM0057: 
110 m and 57 m, respectively) are within a similar range to that of the underlying 
coal measures (Figures 7.7d and e).  The deepest site (GM1193) is at/near the 
alluvial-coal measure transition zone. As stated previously, there are small coal 
fragments in the sandy alluvial deposits at this site, which could provide a 
methanogenic substrate. Furthermore, the δ18O of this sample is the most enriched of 
the CH4 data set and does not suggest a coal measure source (Figure 7.3c). Similarly, 
the δ13C-CH4 and δ
2
H-CH4, as well as the αDIC-CH4 and αH2O-CH4, are also consistent 
with in situ CO2 reduction at the deepest site (Figures 7.7d and e), and do not suggest 
an oxidation pathway or CH4 sourced from another area/zone.   
Where peak CH4 concentrations occur (~57 m: GM0057), the αDIC-CH4 values are as 
low as ~1.04 (Figure 7.7d), but the depleted δ13C-CH4 and enriched δ
2
H-CH4 do not 
support acetoclastic methanogenesis at this site. While αDIC-CH4 values of ~1.07 are 
typical of CO2 reduction, a fractionation factor of 1.04 is still within the range 
observed for CO2 reduction (Games et al. 1978; Balabane et al. 1987; Krzycki et al. 
1987; Conrad 2005). These fractionation factors can change between sites and as a 
function of in situ conditions (Conrad 1999; Conrad 2005). Low G/e- values at this 
site may also suggest some AOM has occurred (Figure 7.7c). Alternatively the 
acetate- and H2-dependent methanogenesis may also occur concurrently during 
acetate fermentation in some cases (Alperin et al. 1992; Bilek et al. 1999). Well 
GM0057 is located near the river and may also receive some river recharge. This 
well, and well GM1193, occur in a sandy area of the aquifer where pumping rates 
and recharge are likely to be relatively higher than areas around Dalby; this could 
explain slightly higher DO concentrations (Figure 7.7a). Methanogenesis may also 
persist in the presence of low DO concentrations (Kato et al. 1997), and mixing of 
slightly oxygenated water (river recharge) and the dissolution of carbonates may 
explain the relatively lower αDIC-CH4 values at GM0057.  
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Figure 7.7 Comparison of various parameters in the alluvial depth profile for sites with dissolved CH4 > DL (10 
µg/L), showing: a) CH4 (µg/L), SO4 meq/L and DO mg/L; b) Br/Cl ratio,  NO3 mg/L and DOC mg/L; c) G/e
-  
for CO2 reduction, SO4 reduction and AOM pathways; d) the carbon isotopes of CH4 and DIC phases and their 
respective fraction factors; e) the hydrogen isotopes of CH4 and H2O phases and their respective fractionation 
factors; and f) CO2.ilr-2 (the ilr of [H2]/[reactants of CO2 reduction/SO4 reduction pathways] (see Tables 3 and 
4)), and the saturation of indices of kaolinite and gypsum. Circles in a) and d) represent the sample point depth: 
this corresponds to the sample point for all parameters in all plots. Shaded areas in d) and e) represent the ranges 
of δ13C-CH4, δ
2H-CH4, respectively for the coal measures that directly underlie the alluvium. 
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In the shallow alluvial zones, fluxes in the type and rate of methanogenesis could be 
influenced by wetting and drying periods that result in dissolution or precipitation of 
minerals such as gypsum (Figure 7.7f). In addition, clay mineral content has also 
been shown to influence CH4 concentrations, with high clay content capable of 
trapping CH4 (Sass et al. 1994). Furthermore, some clays  (e.g. kaolinite) preserve 
organic matter better than others (Oades 1988). For samples analysed in this study, 
kaolinite saturation indices are highest in the high-SO4 zone where acetoclastic 
methanogenesis dominates (Figure 7.7f), which also accompanies a peak in DOC 
concentrations (Figure 7.7b). The presence of kaolinite clay lenses in shallow areas 
may have a dual effect on methanogenic activity by preventing flushing and 
promoting salinization that result in higher SO4, as well as the preservation of some 
organic matter that allows fermentation processes to persist. The proportion of [H2] 
to other reactants ([HCO3] and [H
+
]) (CO2.ilr-2) in the more saline/high SO4 zone 
increases (ratio of H2 to HCO3 increases), despite CH4 being low (IND4): this 
indicates a fermentation process by SO4 reducers and acetate-dependent 
methanogens. 
While AOM is thermodynamically favourable, slightly more depleted δ13C-CH4 and 
αDIC-CH4 values ~1.07 in the shallower zones do not suggest significant AOM is 
occurring (Figures 7.7d and e). Mixing processes in the shallow alluvium may create 
scenarios where water with CH4 is mixing with water with higher concentrations of 
redox species. For one sample (GM1076), a small increase in the NO3 concentration 
is evident (Figure 7.7b) and the oxidation of small amounts of CH4 via denitrifying 
bacteria cannot be completely ruled out (Ettwig et al. 2008; Kits et al. 2015), 
although we found no NO2 above DL at any sites, and fractionation factors support a 
CO2 reduction pathway. Substrate depletion may also explain enriched δ
13
C-CH4 in 
these shallow zones (Whiticar 1999). Some caution should be applied when drawing 
conclusions for the shallowest alluvial samples (GM1073 and GM1076) because the 
measured δ13C-CH4 was at or near the limit of quantification (0.8 nanomoles) for the 
analytical method (this is not the case for δ2H-CH4). However, we note that deeper 
alluvial wells in this area of the alluvium, which is adjacent to the deep gas reservoir, 
did not contain CH4 above DL (10 µg/L). As a result, CH4 migration from the 
underlying coal measures in this area does not seem likely at these sites. 
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7.3.12 A conceptual model of CH4 within and between aquifers 
A conceptual model (Figure 7.8) summarises the major controls on CH4 within and 
between aquifers, including: 
Closed system conditions leading to enriched δ13C-CH4 and positive δ
13
C-DIC in the 
deep gas reservoir (200 – 500 m); and 
The presence SO4 concentrations and its influence on methanogenic pathways, 
including  shifts from the acetoclastic pathways in shallow, brackish- and high SO4- 
zones to a dominance of CO2 reduction in deeper, low SO4 zones, in both the shallow 
coal measures and the alluvium.  
The inverse relationships between CH4 and SO4, and associated isotopic responses 
and thermodynamic conditions, in the shallow coal measures and alluvium are 
consistent with in situ CH4 production in other freshwater and brackish environments 
(Cord-Ruwisch et al. 1988; Conrad 1999; Whiticar 1999; Conrad 2005; Conrad et al. 
2010). This, combined with results at nested sites and an absence of CH4> DL (10 
µg/L) in the alluvium, does not suggest large-scale migration of CH4 from the 
underlying coal measures is occurring.  
Due to the complexity of methanogenesis and methantrophy in the subsurface, 
different pathways and sources can result in similar δ13C-CH4 values (see Figure 
7.9), and CH4 and δ
13
C-CH4 are not likely to be spatially consistent. Enriched δ
13
C-
CH4 from CSG production water can pertain to gas trapping scenarios at discrete 
locations (Whiticar 1999; Schlegel et al. 2011; Golding et al. 2013) and these values 
are not necessarily representative of CH4 in the entire aquifer. For future studies that 
are concerned with understanding CH4 behaviour in the subsurface over large areas 
and/or associated with CSG, we propose the following parameters as a minimum 
standard for data collection: δ13C-CH4 and δ
2
H-CH4, δ
13
C-DIC, major ions, pH and 
SO4 and S2
-
 (other redox species, such as Fe and NO3, may also have some value). 
Researchers are encouraged to prepare comprehensive data sets of a range of 
parameters that allow conceptual models of the extent, and influences on, CH4 within 
and between aquifers to be described and built upon over time. The conceptual 
model outlined here (Figure 7.8) provides a basis for doing this in this catchment. 
More sampling to identify the presence of methanogenic consortia (culturing studies) 
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within and between aquifers, including the extent of acetoclastic methanogens, 
would build on the information collected in this study. 
 
 
Figure 7.8 Conceptual model of the behaviour of carbon and hydrogen isotopes in the CH4 and 
respective DIC- and water phases in the alluvium and the underlying coal measures. The two graphs at 
the top relate to the alluvium only. The δ13C-CH4 in the deep gas reservoir (200-500 m) is typically 
enriched, relative to the δ13C-CH4 in the shallower (<200 m) parts of the coal measures. In both the 
alluvium and the shallow coal measures CH4 concentrations are controlled by SO4 concentrations, 
with acetoclastic methanogenesis detected in shallow high-SO4 zones. CO2 reduction is the dominant 
pathway in both the coal measures and the alluvium. In the shallow coal measures anaerobic oxidation 
of CH4 and acetoclastic methanogenesis maintain depleted (~-50‰) δ
13
C-CH4, but as SO4 depletes 
with depth CO2 reduction becomes the dominant pathway and the δ
13
C-CH4 subsequently depletes (~ -
80‰). A single CH4 sample was detected in the Kumbarilla Beds, but there are insufficient wells in 
this formation to accurately assess controls on CH4; however, a shallower well in Kumbarilla beds at 
the same site contained no CH4.   
7.3.13 Comparisons with free gas measurements from alluvial wells 
The results presented here are not in agreement with another study in the Cecil Plains 
area which used δ13C-CH4 of free CH4 taken from multi-screened irrigation wells 
during pumping to infer CH4 leakage from the coal measures to the alluvium at four 
sites (Iverach et al. 2015). That study proposed the following be met to infer CH4 
migration from the underlying coal measures:  
DOC > DL, and 
3
H < QL (0.04 TU), where QL is quantification limit (this 
relationship inferred a potential source of coal measure groundwater/CH4); and 
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Samples must sit on a mixing line between 1/CH4 and δ
13
C-CH4, with a y-axis 
intercept with a δ13C-CH4 value of -55.9‰. 
That study assumed that the δ13C-CH4 value of -55.9‰ used in their mixing line is 
representative of the CH4 in entire coal measure aquifer, and that there are only two 
sources of DOC: river recharge or discharge from the coal measures. A δ13C-CH4 
value of -50.8‰, based on a single atmospheric measurement downwind of a CSG 
production water storage pond, was also used as a reference (end-member) value for 
the coal measures aquifer. However, that study did not take any samples from the 
coal measures, either underlying the alluvium or in other areas, for reference. 
Relationships between DOC and CH4. We found DOC in the alluvium (and the coal 
measures) to be relatively low, yet within a consistent range, regardless of distance 
from the river or tritium activity. Advanced analytical techniques are required to 
confidently detect tritium at low TU. We used a highly sensitive tritium analytical 
technique (DL = 0.02 TU) (Morgenstern et al. 2009), yet only found tritium >DL at 
two alluvial wells (GM1076 and GM1338). Iverach et al. (2015)  suggested that, 
where tritium was below QL, yet DOC is present, a source of DOC, in addition to 
river recharge, must be present. These authors proposed that “upwards migration of 
CH4 from the coal measures would be the most likely source” of DOC in the 
alluvium at these sites; however, CH4 is not part of the DOC pool.  
Other studies have indicated that a diffuse recharge component over the alluvium is 
possible in this catchment (KCB 2011; Owen et al. 2015a; Hocking et al. 2016), 
which may contribute to the DOC pool in the alluvium. In addition, DOC can diffuse 
through clays and/or be preserved by some clays such as kaolinite, and DOC can also 
be generated in situ in the subsurface from sedimentary sources (Oades 1988; 
Aravena et al. 1993; Hendry et al. 2003). Therefore, DOC and CH4 are likely to be 
associated with different sources and transport mechanisms. Furthermore, CO2 
reduction is the dominant methanogenic pathway in the coal measure and alluvial 
aquifers, and this pathway does not rely on DOC as the energy source, rather it uses 
H2 (Kotelnikova 2002) (equation 7.6). We suggest that a more comprehensive 
research approach is needed to better understand relationships between DOC, age 
tracers, such as tritium, and methanogenesis within and between aquifers before 
combinations of these parameters can be used to confidently validate aquifer 
connectivity, particularly when working at large scales.  
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Describing the coal measure CH4 end member. The enriched δ
13
C-CH4 value 
(55.9‰) estimated for the regression line used by Iverach et al. (2015) to infer CH4 
leakage from the coal measures to the alluvium is within the range of the δ13C-CH4 
observed for the deeper gas reservoir (> 200 m) sampled in our study (-58‰ to -
49‰), and other gas reservoirs in the Surat Basin (Hamilton et al. 2014; Baublys et 
al. 2015). However, it contrasts with the depleted δ13C-CH4 (-80‰ to -65‰) that we 
observed for the shallow (< 200 m) coal measures that underlie the alluvium. In this 
study area the CSG reservoir occurs in deeper zones (> 200 m) of the coal measures 
where gas trapping occurs on the north-western flank of the alluvium (Figure 7.10). 
These conditions produce enriched δ13C-CH4 and high, positive δ
13
C-DIC (Figure 
7.4a) in the gas reservoir that do not occur in the shallower coal measures directly 
under the alluvium. High and positive δ13C-DIC can be an excellent indicator of CSG 
production water migration (Sharma et al. 1985); yet highly enriched/positive δ13C-
DIC values were not found in the shallow coal measures or the alluvium, either in 
this study or by Iverach et al. (2015).  The only enriched δ13C-CH4 (~50‰) we 
observed for the shallow coal measures was an isolated acetoclastic CH4 sample (P7) 
that underlies basalt sheetwash (see Figure 7.10).  
The majority of δ13C-CH4 of free CH4 measured in Iverach et al. (2015) are similar to 
background CH4 concentrations observed in that study and for ambient air in the 
southern hemisphere observed in other studies (Khalil 1991; Dlugokencky et al. 
2011; Stalker 2013). It is possible that most of the CH4 analysed in Iverach et al. 
(2015)  were composed of atmospheric CH4. Additional sampling (preferably using 
low flow techniques) to measure the degassing rate/potential from alluvial 
groundwater would also assist in more accurately describing the proportion of 
atmospheric versus degassed CH4 in the well-head spaces measured by Iverach et al. 
(2015). Where mixing with atmospheric and subsurface-derived CH4 is shown to 
occur, simple mixing lines may be inadequate to understand mixing of the three 
theoretical end members that should be considered under these potential inter-aquifer 
CH4 migration scenarios: i.e. 1) atmospheric CH4; 2) alluvial-derived CH4; 3) CH4 
that has migrated from other aquifers.  
Hydrogen isotope analyses can reduce uncertainties associated with interpretations 
that are based solely on δ13C-CH4 values, as presented in Iverach et al. (2015). 
Atmospheric CH4 tend to be much more enriched in δ
2
H-CH4 values (-82‰) 
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compared to biogenic CH4 (-160‰ to >-400‰) (Khalil 1991; Waldron et al. 1999; 
Whiticar 1999). In addition, CH4 oxidation could partly explained the enriched δ
13
C-
CH4 values (-47.4‰ to -38.8‰) measured in Iverach et al. (2015). Hydrogen isotope 
data can also provide information about the influence of oxidation, as well as 
different production pathways, on the isotopic composition of CH4 (Waldron et al. 
1999; Whiticar 1999). 
7.4 CONCLUSIONS 
Using a comprehensive data set (dissolved CH4, δ
13
C-CH4, δ
2
H-CH4, δ
13
C-DIC, 
δ37Cl, δ2H-H2O,  δ
18
O-H2O, Na, K, Ca, Mg, HCO3, Cl, Br, SO4, NO3 and DO) this 
study described hydrochemical/thermodynamic controls on CH4 in a deep coal seam 
gas (CSG) reservoir (200-500 m), shallower areas of the same coal-bearing 
formation (the Walloon Coal Measures) (< 200 m) and the overlying Condamine 
River alluvium (Surat/Clarence Moreton basins), eastern Australia. Enriched δ13C-
CH4 (-58‰ to -49‰) and positive δ
13
C-DIC (+9‰ to +23‰) in the deep gas 
reservoir are synonymous with biogenic methanogenesis in closed-system conditions 
and gas trapping on geological structures. Evidence of leakage from the deep gas 
reservoir, either via diffusion or ebullution/advection, was not observed, with δ13C-
CH4 of the shallow coal measures underlying the alluvium being depleted (-80‰ to -
65‰). Importantly, this study demonstrates that, when evaluating potential CH4 
migration associated with CSG, the enriched δ13C-CH4 of CSG CH4 is not 
necessarily the appropriate isotopic end member because the δ
13
C-CH4 in areas 
outside of gas reservoirs, yet within the same sedimentary formation, can be 
distinctly different due to different hydrogeological and microbial conditions. We 
found the δ13C-CH4 of the alluvium falls within a similar range to that of the shallow 
coal measures.  
Using a novel application of isometric log ratios, this study demonstrated a simple 
method of providing insight into the microbial controls on δ13C-CH4 and δ
2
H-CH4 
isotopes in the subsurface. The major controls on CH4 in the shallow coal measures 
and the alluvium were found to be: a) the presence of SO4 and associated competition 
between SO4 reducers and CO2 reducers; and b) shifts from acetoclastic 
methanogenesis in shallow, high-SO4 zones to the dominance of the CO2 reduction 
pathway in low-SO4 environments. AOM was found to be thermodynamically 
favourable but there was no evidence of large-scale, significant AOM in the shallow 
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coal measures or the alluvium. Overall, this study did not find conclusive evidence of 
CH4 migration to the alluvium from the underlying (shallower < 200m) coal 
measures, but results do suggest small concentrations of CH4 are likely to be 
generated in situ in the alluvial aquifer at these sites. This study provides a 
comprehensive assessment using novel samples. More research and sampling in the 
area, including culturing studies of methanogenic consortia, will improve our 
understanding of the nature and extent of CH4 within and between aquifers. 
7.5 METHODS 
7.5.1 Sample collection 
Samples were collected from 61 wells, including: a) monitoring wells and stock and 
domestic wells where there was sufficient space to lower a bladder pump (Puls et al. 
1996); b) irrigation/domestic wells that already contained submerged electric pumps; 
and c) production water wells. Where a bladder pump could be lowered into a well, 
the low-flow sampling technique was applied using a flow-through cell (Puls et al. 
1996). For government monitoring wells, where monitoring wells had multiple 
screens, the bladder pump was placed at the interval of the lowest screen. 
Infrastructure at irrigation/domestic wells prevented well dipping: in these cases a 
conservative water level estimate of ~75% of well depth was applied to consider a 
purging volume. Sampling coincided with landholders pumping schedules and, as a 
result, the majority of irrigation/domestic wells had been purged by at least 3 x well 
volume upon arrival on site. In all cases (low-flow sampling and irrigation/domestic-
well sampling) sampling was only initiated after hydrochemical parameters (pH, 
temperature, specific conductance and DO) were stabilised (Puls et al. 1996; 
Barcelona et al. 2005). Due to limited infrastructure, two operating windmills were 
sampled in recharge areas on the ranges (P9 and P16): in these cases sampling was 
conducted after a minimum of 3 days of consistent moderate-strong wind (consistent 
pumping to purge the well) and after stabilisation of hydrochemical parameters (pH, 
temperature, specific conductance and DO) were confirmed(Noble et al. 2011). Coal 
seam gas production wells (deep gas reservoir) are constantly pumping and were 
considered adequately purged upon arrival on-site. Production water from CSG wells 
was sampled at an outlet of the extraction well prior to the gas-water separator.  
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Samples were taken from alluvium (n=23), the Kumbarilla Beds (n=3), the shallow 
Walloon Coal Measures (WCM) (< 200 m) (n=14) and from the deeper (200-500 m) 
gas reservoir in the coal measures (n=21). Two of the alluvial samples taken were at 
the alluvial-WCM interface (see section 2). Wells were selected based on drill log 
information and previous interpretations of hydrogeology in the catchment(Owen et 
al. 2015a).  
Samples for dissolved CH4 were collected in glass vials with rubber septums and no 
headspace (preserved with sulfuric acid). Samples for δ13C-CH4, δ
2
H-CH4 and δ
13
C-
DIC were filtered through 0.2 micron filters and collected in 12ml entertainer vials 
with rubber septums and no headspace. Samples for cations, dissolved metals, δ37Cl 
and Br were filtered through high capacity in-line 0.45 µm polyethersulphone filters. 
Cation and dissolved metal samples were preserved in the field using HNO3 to pH<2. 
Samples for 
3
H and anions, NO3/NO2, S2
-
 and unionized HS were collected in 
unfiltered 1L Nalgene bottles, and HDPE bottles respectively (APHA Table 1060:1). 
NO3 and NO2 samples were preserved in the field using H2SO4 to pH<2. S2
-
 and 
unionized HS samples were preserved in the field with Zn acetate/NaOH. Bottles not 
containing a preservative were rinsed three times with sample water prior to 
collecting a sample. All samples, with the exception of 
3
H, were placed immediately 
on ice and stored on ice in the field, then in dark cold rooms (<4
o
C) until analysis.  
7.5.2 Sample analysis 
Samples were analysed for pH, DO, specific conductivity (conductivity) and 
temperature using a YSI physico-chemical meter in the field (YSI Professional Plus). 
Water samples were taken and analysed in the laboratory for major and minor ions 
(APHA 2320; APHA 3125B) including SO4 (APHA 4500 SO4-E – laboratory 0.45 
µm filtered), and Br (APHA 4110 B) as well as unionised HS (APHA 4500-S2-H) 
and S2
- 
(APHA 4500-S
2
 - D), NO3 and NO2 (APHA VCl reduction 4500 NO3- + 
NO2-B), Fe and Mn (APHA 3125B ORP/ICP/MS Octopole Reaction Cell) and 
dissolved CH4 concentrations (including C1-C4 gases, DL = 10 µg/L: ALS EP033) 
at the Australian Laboratory Services laboratory, Brisbane, Queensland, and at 
Queensland Health Scientific and Forensics services laboratory (Br). Bicarbonate 
values are reported as bicarbonate alkalinity. All major and minor ions, and dissolved 
C1-C4 hydrocarbons were analysed within ~7 days of collection in the field.  
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δ2H and δ18O were measured using a Los Gatos Research Water Isotope Analyzer 
(QUT, Institute for Future Environments), with replicate analyses indicating an 
analytical error of 0.04‰ to 0.45‰, and 0.001‰ to 0.7‰, respectively.  
δ13C-CH4 and δ
2
H-CH4 were measured using a ThermoScientific PreCon 
concentration system interfaced to a ThermoScientific Delta V Plus isotope ratio 
mass spectrometer at the UC Davis Stable Isotope Facility. Standard error of 
analysed samples was ~0.1‰, for δ13C-CH4 and ranged from 0.9‰ – 1.7‰ for δ
2
H-
CH4, and limit of quantification = 0.8 and 2 nanomoles respectively.  δ
13
C-DIC were 
also measured at the UC Davis Stable Isotope Facility using a GasBench II system 
interfaced to a Delta V Plus isotope ratio mass spectrometer. Standard error of δ13C-
DIC ranged from 0.04 - 0.09‰: limit of quantification = 150 nanomoles.  
δ37Cl were measured using a stable isotope ratio mass spectrometer at Isotope Tracer 
Technologies in Waterloo, Canada. Standard error ranged from 0.03 - 0.16‰.  
The DOC analyses were performed on a Dohrmann DC-190 Total Carbon Analyzer 
at the Earth and Environmental Sciences at the University of Waterloo, Canada. 
DOC storage times (0.45 µm filtered, dark storage <4
o
C) prior to analysis ranged 
from 260 – 620 days. Data tables S1 and S4 report the measured and corrected DOC 
values, as per Peacock et al.(Peacock et al. 2015): these values are broadly similar 
with modelled loss of DOC being minimal due to low DOC concentrations.  
Tritium (
3
H) samples were vacuum distilled and electrolytically enriched prior to 
liquid scintillation spectrometry analysis by Quantulus ultra-low-level counters at 
GNS, New Zealand (Morgenstern and Taylor, 2009). The sensitivity is now further 
increased to a lower DL of 0.02 TU (two sigma criterion) via tritium enrichment by a 
factor of 95, and reproducibility of tritium enrichment of 1% is achieved via 
deuterium-calibration for every sample. The precision (1) is ~1.8% at 2 TU. 
7.5.3 Data preparation 
All major ion data was above DL (DL) of 1 mg/L, with the exception of SO4 (n=24). 
All S2
-
 measurements with the exception of 1 coal measures sample (well IND3; S2 = 
0.5 mg/L, or ~0.008 meq/L) were below DL (DL = 0.1 mg/L, or 1.56e-03 meq/L). 
Low SO4 and S2
-
 concentrations are expected for reduced environments where 
methanogenesis occurs. Values below DL were imputed using the R package 
zCompositions via the log ratio Data Augmentation function (lrDA): this function is 
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based on the log-ratio Markov Chain Monte Carlo MC Data Augmentation (DA) 
algorithm(Palarea-Albaladejo et al. 2015).  
7.5.4 Deriving isometric log ratios 
The isometric log ratio (ilr) uses a sequential binary partition (Table 7.5) to describe 
orthonormal bases to which correspond  D-1 Cartesian coordinates (ilr-coordinates): 
these orthonormal coordinates, called balances, are orthogonal (Egozcue et al. 2003). 
This technique removes potentially spurious correlation caused by scaling and allows 
the ratios of parts and subparts to be elucidated, even when the concentrations of 
different parts are relatively small compared to other parts. Here we use ilrs to 
investigate subcompositional relationships between reactants and products in a 
number of thermodynamic reaction pathways (CO2-reducing methanogenesis, SO4 
reduction and anaerobic oxidation of CH4 (AOM)). These relationships are compared 
to isotope fractionation of the δ13C-CH4 and δ
2
H-CH4 under various conditions. This 
approach allows subcompositional behaviour of dissolved constituents to be 
compared to isotopic responses, in order to demonstrate the relationship between 
methanogenic activity/pathways, thermodynamic conditions and hydrochemistry.  
Table 7.5 Sequential binary partition of a four-part composition (x1, x2…….x4) deriving three 
orthonormal coordinates (z1, z2 and z3) for ilr calculation. 
Balance 
Partition of parts 
x1 x2 x3 x4 
z1 1 1 -1 -1 
z2 1 -1   
Z3   -1 1 
 
Each partition divides the composition into separate parts (𝑥𝑖  and 𝑥𝑗). For 
thermodynamic reaction pathways we use the first partition to separate the activity of 
the element (represented by [element]) of reactants and products in each reaction, 
with the following partitions separating the reactants. Once a sequential binary 
partition is described, the i-th ilr balance is computed as   
(7.1) zi = √
𝑟𝑖𝑠𝑖
𝑟𝑖 + 𝑠𝑖
 ln 
(∏ 𝑥𝑗+ )
1
𝑟𝑖
(∏ 𝑥𝑗− )
1
𝑠𝑖
  ,        
where 𝑟𝑖 and 𝑠𝑖 are the number of parts coded in the sequential binary partition as +1 
and -1, respectively (Egozcue et al. 2003). Isometric log ratios were calculated using 
CodaPak 2.10 (Comas-Cufí et al. 2011).  
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7.5.5 Describing isotope partitioning  
The partition of isotopes between phases, e.g. between the dissolved inorganic 
carbon (DIC) and CH4 phase, can be described in a number of ways. For simplicity 
and reproducibility, here we define the isotope partition as the fractionation factor 
that is simply described as:  
(7.2) α = 
δX + 1000
δCH4 + 1000
         
  
where δX = δ13C-DIC or δ2H-H2O and δCH4 = the δ
13
C-CH4 or δ
2
H-CH4, 
respectively: such that αDIC-CH4 = the carbon isotope fractionation factor, and αH2O-
CH4 = the hydrogen isotope fractionation factor.  
7.5.6 Rayleigh equations 
Where Rayleigh equations are presented, these were calculated we use the Rayleigh 
equation described as:  
(7.3) R = Ri f 
(α-1)
          
where R = change in isotope fractionation relative to the initial value, Ri = the initial 
isotope delta values, f = the residual reservoir (e.g. of DIC or CH4). The use of the 
Rayleigh equation allows simple comparisons of the isotope partitioning as a defined 
reservoir (e.g. CH4 or CO2) changes. Biogenic methanogenesis tends to operate at 
thermodynamic equilibrium, rather than being limited by kinetic controls (Conrad 
1999) so this approach is considered appropriate here, especially when working at 
large-scales where multiple influences on the carbon and hydrogen isotope may 
occur. Here we use the Rayleigh equation to simply define the change in carbon and 
hydrogen isotope partition as CH4 changes relative to a CH4 end member (we do not 
propose that the δ13C-CH4 or δ
2
H-CH4 behaviour in the shallow coal measures 
always follows a simple Rayleigh fractionation process).  
7.5.7 Microbial pathways and Gibbs free energy values 
Gibbs free energy values (Go) were calculated for a number of microbial pathways 
(equations (7.6), (7.7) and (7.8)) using enthalpy and entropy values for each reaction 
listed in (1996) and corrected for the temperature of each sample (equation 7.4).  
(7.4) GoT = H - TS         
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Where H is the change in enthalpy and S is the change in entropy for each 
reaction, and T is the temperature in Kelvin for each sample. 
Changes in Gibbs Free Energy G were calculated via equation (7.5).  
(7.5) G = GoT + RT lnQ         
Where R is the universal gas constant, T is the temperature in Kelvin and Q is the 
reaction quotient for each reaction.  
For each reaction the activities of reactants and products [activity] were used to 
calculate Q. The activities of the reactants and products were calculated using 
PHREEQC Interactive 3.1.7-9213 using the phreeqc.dat database.  
The reaction pathways for CO2-reduction (hydrogenotrophic methanogenesis), SO4 
reduction and anaerobic oxidation of CH4 (AOM) are as follows:  
(7.6) 4H2 + H
+
 + HCO3
-
 → CH4 +3H2O       
CO2 reduction 
 
(7.7) 4H2 + H
+
 + SO4
2-
 → HS
- 
+4H2O       
SO4 reduction 
 
(7.8) CH4 + SO4
2-
 → HS
- 
+ HCO3
-
 + H2O       
Anaerobic oxidation of CH4 (AOM) 
Gibbs free energy values (GoT) for the CO2-reduction pathways and SO4 reduction 
pathways were ~-229 kJ mol
-1
 and -262 kJ mol
-1
, respectively, which is consistent 
with calculations made for other studies (Strąpoć et al. 2008b; Lin et al. 2014; 
Ozuolmez et al. 2015).    
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7.9 SUPPORTING INFORMATION 
This supporting information includes Figure 7.9, which outlines the ranges of δ13C-
CH4 values for different CH4 sources, environments and processes, Figure 7.10 
which shows a map of wells sampled in this study; and Tables 7.6 – 7.9, which 
provide the raw data used in the study. 
 
 
 
Figure 7.9 Ranges of δ13C-CH4 under various pathways, conditions and processes as well as in different 
basins/sedimentary formations and aquifers. The ranges for oxidation and diffusion report the ranges of δ13C-CH4 
observed in the relevant studies for each process. References are as follows: (a) (Whiticar et al. 1986; Clark et al. 
1997; Whiticar 1999; Paull et al. 2000; Chanton et al. 2005); (b) (Whiticar et al. 1986; Botz et al. 1996; Whiticar 
1999; Chanton et al. 2005; Chanton et al. 2006); (c) (Flores et al. 2008; Rice et al. 2008; Kinnon et al. 2010; 
McIntosh 2011; Golding et al. 2013); (d) (Smith 1998 ; Draper et al. 2006; Papendick et al. 2011; Hamilton et al. 
2014; Baublys et al. 2015) ; (e) (Maher et al. 2014); (f) (QLD-DNRM 2012; Iverach et al. 2015); (g) (Aravena et 
al. 1993; Hansen et al. 2001; McIntosh 2011; Warner et al. 2013; Atkins et al. 2015); (h) (Quay et al. 1988); (i) 
(Moura et al. 2008); (j) (Bergamaschi et al. 1998; Liptay et al. 1998; Chanton et al. 1999; Tsunogai et al. 2002; 
Riveros-Iregui et al. 2008; Heilweil et al. 2015); (k) (Prinzhofer et al. 1997). The result highlights the large and 
overlapping range of δ13C-CH4. As a result δ
13C-CH4 should not be used as a “signature” or “tracer” of CH4 
source or in isolation when assessing potential CH4 migration. 
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Figure 7.10 Sample locations and well IDs for all wells sampled in this study.  The map was prepared 
using ArcGIS v 10.1 (www.esri.com) and modified using Adobe Illustrator CC 2014. Grey lines 
represent the road network as provided by GeoScience Australia (National Geoscience datasets: 
34877) (Kilgour 2001) and after modification by QUT for the QUT Groundwater Visualisation 
System. CH4 DL = 10 µg/L.
  
Chapter 7: Paper 4 206 
Table 7.6 Hydrochemical and CH4 data for all wells with dissolved CH4 above DL (10 µg/L).  
 
* possible measurement error. WCM = Walloon Coal Measures. Alluv-WCM = sample at the alluvial basement/alluvial-coal measure interface. CSG = CSG production water sample taken from the relatively deep gas 
reservoir (200-500 m) in the WCM. 
Sa mple De pth Aquife r ne ste d site pH Te mp DO TDS HCO 3 CO 3 SO 4    Cl Ca Mg Na K Br NO 3 Fe  tota l Mn tota l DOC DOC a dj CH 4 Ethe ne Etha ne Prope ne SI ka olinite S I gypsum
m
o
C mg/L mg/L meq/L meq/L meq/L meq/L meq/L meq/L meq/L meq/L meq/L meq/L mg/L mg/L mg/L mg/L µg/L µg/L µg/L µg/L
GM1076 27.7 Alluvium 7.3 20.5 2.18 1480 7.70 1.40 12.51 1.50 2.30 18.83 0.10 0.02 3.14E- 02 <0.05 0.001 0.17 0.23 10 < 10 < 10 < 10 3.63 - 2.31
IND4 35 Alluvium Stratheden 6.8 22.4 1.55 10200 5.52 2.92 168.73 52.89 33.90 72.61 0.23 0.20 < 1.62E- 04 4.86 3.961 3.90 4.53 23 < 10 < 10 < 10 6.06 - 1.15
GM1073 18.3 Alluvium 7.09 21.8 0.41 503 4.74 0.23 2.37 0.50 0.58 6.48 0.05 0.00 < 1.62E- 04 0.11 0.183 0.40 0.56 171 < 10 < 10 < 10 4.94 - 3.33
GM0057 56.7 Alluvium 7.04 20.3 4.51 680 5.44 0.04 4.68 3.59 2.63 3.78 0.05 0.01 4.19E- 03 <0.05 <0.001 0.28 0.38 535 < 10 < 10 < 10 5.86 - 3.34
GM1193 110 Alluv- WCM 7.17 21.1 3.16 1590 5.96 0.92 16.25 1.55 3.29 18.30 0.10 0.03 3.55E- 03 <0.05 <0.001 0.40 0.55 218 < 10 < 10 < 10 3.57 - 2.48
P7 60.4 WCM 6.84 22.1 3.60 4560 8.16 10.17 48.73 12.43 11.85 46.52 0.20 0.07 < 1.62E- 04 19.42 0.324 0.31 0.42 95 < 10 < 10 < 10 4.32 - 0.91
IND3 95.5 WCM Cecil Plains 7.22 32.4 0.19 786 4.18 0.25 7.30 2.54 1.97 6.74 0.26 0.01 < 1.62E- 04 0.56 0.021 1.63 2.19 487 25 15 < 10 2.78 - 2.72
P19 185.9 WCM 8.11 28 2.46 2200 6.18 1.41 1.00 23.46 0.90 0.66 31.61 0.10 0.04 3.23E- 04 0.06 0.014 0.26 0.35 1390 < 10 < 10 < 10 0.92 - 2.73
IND1 135 WCM Cecil Plains 8.55 27.9 0.00 897 8.14 2.61 0.17 4.56 0.60 0.25 13.30 0.18 0.01 < 1.62E- 04 0.79 0.068 3160 70 30 24 - 0.47 - 3.54
P4 82.9 WCM 7.46 22.8 1.52 2020 4.74 0.00 <0.02 22.90 3.04 3.46 22.26 0.10 0.04 < 1.62E- 04 0.38 0.090 0.90 1.25 6850 < 10 < 10 < 10 3.12 - 4.03
P1 100.9 WCM 7.84 21.1 0.04 1430 5.40 0.44 <0.02 15.24 1.20 1.15 18.91 0.05 0.02 < 1.62E- 04 0.44 0.024 0.48 0.68 12300 < 10 < 10 < 10 2.16 - 4.23
GM1390 140 WCM Dalby 7.98 20.3 0.51 2180 17.72 1.54 <0.02 15.15 0.25 0.33 31.78 0.08 0.00 < 1.62E- 04 <0.05 0.001 0.33 0.46 18000 < 10 < 10 < 10 2.07 - 5.03
IND5 114.8 Kumbarilla Stratheden 11.55* 20.9 1.04 2280 1.61 0.35 28.73 2.40 0.04 26.04 0.20 0.05 < 1.62E- 04 <0.05 0.004 7760 < 10 < 10 < 10
D1  - CSG 7.75 27.9 4.58 8900 5.48 <0.02 126.20 2.40 1.23 123.91 0.31 < 1.62E- 04 0.06 0.053 1860 < 10 < 10 < 10
D2  - CSG 8.26 29.2 4.11 4850 17.58 1.84 <0.02 56.34 0.30 0.25 70.43 0.15 < 1.62E- 04 <0.05 0.007 3870 < 10 < 10 < 10
D3  - CSG 8.45 30.1 4.59 3870 21.60 3.69 <0.02 30.70 0.25 0.16 59.57 0.13 < 1.62E- 04 <0.05 0.005 2040 < 10 < 10 < 10
D4  - CSG 8.58 28.1 1.07 3670 20.80 4.25 <0.02 28.73 0.20 0.16 56.09 0.13 < 1.62E- 04 <0.05 0.004 21500 < 10 < 10 < 10
D5  - CSG 7.98 28.3 0.47 6060 13.44 0.54 <0.02 76.90 0.65 0.49 89.13 0.20 < 1.62E- 04 0.07 0.024 22000 < 10 < 10 < 10
D6  - CSG 8.3 31 0.54 4620 24.80 2.95 <0.02 47.32 0.20 0.16 71.30 0.15 < 1.62E- 04 <0.05 0.006 18400 < 10 < 10 < 10
D7  - CSG 8.14 30.5 0.49 4420 22.80 1.64 <0.02 42.82 0.25 0.16 69.13 0.15 < 1.62E- 04 <0.05 0.012 19400 < 10 < 10 < 10
K1  - CSG 7.81 29.5 1.19 5840 11.34 0.40 <0.02 82.82 0.70 0.49 85.65 0.18 < 1.62E- 04 <0.05 0.007 14100 < 10 < 10 < 10
K2  - CSG 8.58 32.6 0.56 3450 25.40 6.57 <0.02 23.10 0.20 0.08 56.96 0.13 < 1.62E- 04 <0.05 0.003 7840 < 10 < 10 < 10
K3  - CSG 8.06 29.3 4.49 5780 10.68 0.94 <0.02 74.93 0.65 0.41 86.96 0.20 < 1.62E- 04 <0.05 0.007 5550 < 10 < 10 < 10
K4  - CSG 8 32.8 3.07 6760 8.60 0.60 <0.02 89.01 0.85 0.49 102.61 0.23 < 1.62E- 04 0.48 0.012 5160 < 10 < 10 < 10
K5  - CSG 8.22 31.3 3.09 3920 21.80 2.95 <0.02 35.49 0.20 0.16 63.04 0.15 < 1.62E- 04 <0.05 0.002 7990 < 10 < 10 < 10
K6  - CSG 7.89 29.8 1.83 6560 7.86 0.00 <0.02 88.45 0.80 0.49 93.91 0.20 < 1.62E- 04 0.52 0.023 24800 < 10 < 10 < 10
K7  - CSG 8.35 30.7 1.25 4120 21.80 3.72 <0.02 39.15 0.20 0.16 63.91 0.15 < 1.62E- 04 <0.05 0.006 21000 < 10 < 10 < 10
T1  - CSG 8.15 29.5 3.12 4020 16.60 1.24 <0.02 44.79 0.30 0.25 60.00 0.13 < 1.62E- 04 <0.05 0.008 11100 < 10 < 10 < 10
T2  - CSG 8.49 32.2 0.94 3950 23.20 4.62 <0.02 30.14 0.20 0.16 60.00 0.13 < 1.62E- 04 <0.05 0.003 17700 < 10 < 10 < 10
T3  - CSG 7.97 27.9 0.16 4080 15.26 0.90 <0.02 47.32 0.35 0.25 62.17 0.15 < 1.62E- 04 <0.05 0.036 8640 < 10 < 10 < 10
T4  - CSG 8.34 34.2 0.49 3750 24.60 3.55 <0.02 31.27 0.20 0.08 61.30 0.13 < 1.62E- 04 <0.05 0.005 18300 < 10 < 10 < 10
T5  - CSG 8.45 29 4.18 3930 16.20 2.95 <0.02 39.72 0.30 0.25 60.87 0.15 < 1.62E- 04 <0.05 0.005 6140 < 10 < 10 < 10
T6  - CSG 8.43 34.1 3.98 4030 24.60 5.06 <0.02 30.14 0.20 0.16 60.87 0.13 3.23E- 04 <0.05 0.002 2260 < 10 < 10 < 10
T7  - CSG 8 29.7 1.23 4970 16.06 1.21 <0.02 50.70 0.45 0.33 73.04 0.18 < 1.62E- 04 <0.05 0.022 17600 < 10 < 10 < 10
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Table 7.7 Isotopic data for all wells with dissolved CH4 above DL (10 µg/L).  
Sample Depth (m) Aquifer δ2H‰ δ18O‰ 
δ2H-
CH4‰ δ
13C-CH4‰ δ
13C-DIC‰ aDIC-CH4 aH2O-CH4 δ37Cl‰ 3H (TU) 
GM1076 27.7 Alluvium -26.85 -4.15 -244.57 -51.38 -6.57 1.05 1.29 -0.72 0.05 
IND4 35 Alluvium -27.61 -4.29 -314.60 -49.81 -15.28 1.04 1.42 0.89   
GM1073 18.3 Alluvium -38.16 -5.87 -186.38 -53.05 -13.12 1.04 1.18 0.22   
GM0057 56.7 Alluvium -27.24 -4.52 -222.61 -78.64 -11.59 1.07 1.25 0.18 <0.02 
GM1193 110 Alluv-WCM -24.60 -4.20 -215.91 -72.21 -10.08 1.07 1.24 0.45   
P7 60.4 WCM -28.21 -5.00 -310.30 -50.25 -13.04 1.04 1.41 0.70 <0.02 
IND3 95.5 WCM -29.18 -4.28 -215.80 -65.02 -15.87 1.05 1.24 -1.11   
P19 185.9 WCM -29.65 -5.22 -229.70 -80.11 -9.59 1.08 1.26 -0.15 <0.02 
IND1 135 WCM -31.31 -4.93 -222.10 -70.68 -9.00 1.07 1.25 -0.36   
P4 82.9 WCM -33.13 -5.27 -209.13 -79.65 -11.28 1.07 1.22 -0.30   
P1 100.9 WCM -36.13 -5.51 -213.72 -71.84 -6.82 1.07 1.23 0.80   
GM1390 140 WCM -32.23 -5.32 -211.45 -78.11 -3.48 1.08 1.23 -0.89 <0.02 
IND5 114.8 Kumbarilla  -30.11 -4.70 -211.30 -67.80 -10.85 1.06 1.23     
D1  - CSG -33.14 -5.16 -209.68 -57.58 10.95 1.07 1.22 -0.62   
D2  - CSG -41.29 -6.61 -208.46 -52.59 19.39 1.08 1.21 -1.32   
D3  - CSG -39.51 -6.53 -205.37 -50.82 20.43 1.08 1.21     
D4  - CSG -40.58 -6.62 -216.00 -50.83 21.32 1.08 1.22 -1.42   
D5  - CSG -37.74 -6.01 -211.79 -53.87 18.36 1.08 1.22 -1.21   
D6  - CSG -44.07 -7.23 -200.92 -51.61 19.15 1.07 1.20 -1.79   
D7  - CSG -42.92 -6.86 -201.99 -50.28 20.21 1.07 1.20 -1.76   
K1  - CSG -38.83 -6.13 -197.99 -54.09 13.38 1.07 1.20 -1.03   
K2  - CSG -40.81 -6.74 -195.88 -51.12 19.85 1.07 1.19 -2.52   
K3  - CSG -36.01 -5.77 -212.30 -55.14 13.82 1.07 1.22 -1.98   
K4  - CSG -38.14 -6.21 -206.75 -56.49 9.92 1.07 1.21 -1.24   
K5  - CSG -38.08 -6.21 -202.25 -51.54 18.47 1.07 1.21     
K6  - CSG -36.50 -5.86 -200.95 -58.31 9.25 1.07 1.21 -0.66   
K7  - CSG -39.23 -6.41 -206.43 -53.55 18.99 1.08 1.21 -1.57   
T1  - CSG -40.79 -6.57 -200.66 -48.91 22.90 1.08 1.20 -1.17   
T2  - CSG -40.90 -6.84 -201.67 -51.85 18.42 1.07 1.20 -0.13   
T3  - CSG -40.48 -6.36 -202.05 -49.05 23.03 1.08 1.20 0.36   
T4  - CSG -40.69 -6.98 -209.34 -51.99 16.85 1.07 1.21     
T5  - CSG -41.40 -6.66 -209.44 -48.86 22.73 1.08 1.21 -0.12   
T6  - CSG -41.06 -6.97 -203.79 -50.55 18.18 1.07 1.20     
T7  - CSG -40.64 -6.52 -204.92 -50.13 21.62 1.08 1.21 -0.10   
WCM = Walloon Coal Measures. Alluv-WCM = sample at the alluvial basement/alluvial-coal measure interface. CSG = CSG production water sample taken from the relatively deep gas reservoir (200-500 m) in the 
WC
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Table 7.8 Thermodynamic data for all wells with dissolved CH4 above DL (10 µg/L).  
                  CO2 reduction SO4 reduction AOM 
Sample 
Depth 
(m) Aquifer [H+] [H2] [HCO3] [CH4] [SO4] [HS-] G
o
T G G
o
T G G
o
T G 
GM1076 27.7 Alluvium 5.01E-08 1.86E-26 5.94E-03 6.28E-07 3.38E-04 8.71E-07 -229.42 -176.57 -261.88 -94.13 -32.46 -38.44 
IND4 35 Alluvium 1.58E-07 1.83E-25 2.84E-03 1.52E-06 2.30E-04 4.99E-07 -229.37 -178.61 -262.05 -102.08 -32.69 -32.39 
GM1073 18.3 Alluvium 8.13E-08 4.83E-26 3.67E-03 1.07E-05 7.45E-05 8.32E-07 -229.38 -171.69 -262.00 -93.43 -32.62 -30.42 
GM0057 56.7 Alluvium 9.12E-08 6.18E-26 3.99E-03 3.35E-05 1.07E-05 6.61E-07 -229.43 -169.35 -261.86 -90.87 -32.44 -26.57 
GM1193 110 Alluv-WCM 6.76E-08 3.37E-26 4.44E-03 1.37E-05 2.13E-04 5.09E-07 -229.40 -170.34 -261.94 -96.21 -32.53 -28.96 
P7 60.4 WCM 1.45E-07 1.52E-25 4.86E-03 6.06E-06 1.41E-03 1.12E-06 -229.37 -173.73 -262.03 -104.01 -32.65 -33.76 
IND3 95.5 WCM 6.03E-08 2.39E-26 3.28E-03 3.05E-05 6.42E-05 1.84E-05 -229.08 -165.91 -262.97 -77.56 -33.89 -25.18 
P19 185.9 WCM 7.76E-09 4.14E-28 5.02E-03 8.75E-05 2.29E-04 2.62E-06 -229.21 -158.21 -262.57 -72.61 -33.36 -34.42 
IND1 135 WCM 2.82E-09 5.46E-29 6.91E-03 1.98E-04 4.85E-05 2.84E-06 -229.21 -152.87 -262.56 -60.97 -33.35 -31.56 
P4 82.9 WCM 3.47E-08 8.70E-27 3.68E-03 4.31E-04 3.14E-06 2.16E-06 -229.35 -160.24 -262.09 -76.49 -32.74 -28.37 
P1 100.9 WCM 1.45E-08 1.54E-27 4.47E-03 7.72E-04 4.65E-06 2.52E-06 -229.40 -156.68 -261.94 -71.61 -32.53 -29.73 
GM1390 140 WCM 1.05E-08 8.14E-28 1.45E-02 1.13E-03 4.28E-06 2.46E-06 -229.43 -152.33 -261.86 -69.57 -32.44 -27.56 
WCM = Walloon Coal Measures. Alluv-WCM = sample at the alluvial basement/alluvial-coal measure interface. CSG = CSG production water sample taken from the relatively deep gas reservoir (200-500 m) in the 
WCM. 
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Table 7.9 Hydrochemical and 
3
H for all wells with dissolved CH4 < DL (10 µg/L). 
Sample Depth Aquifer nested site pH Temp DO TDS HCO3 CO3 SO4    Cl Ca Mg Na K NO3 Fe total Mn total DOC DOCadj 
3H  
  m       oC mg/L mg/L meq/L meq/L meq/L meq/L meq/L meq/L meq/L meq/L meq/L mg/L mg/L mg/L mg/L TU 
P3 35.4 Alluvium   7.68 21.1 7.79 866 7.24   0.23 5.92 1.05 1.48 11.04 0.03 3.71E-03 <0.05 <0.001       
GM0119 19.5 Alluvium   7.14 19.93 4.97 656 6.32   0.21 3.35 1.30 1.32 7.61 0.01 1.00E-02 <0.05 0.001       
GM1280 27.8 Alluvium   6.7 21.9 6.79 484 4.58   0.06 2.20 1.25 1.15 4.61 0.01 6.45E-04 <0.05 <0.001       
GM1688 36.75 Alluvium   6.79 23.1 0.67 3760 8.08   2.69 43.38 11.23 7.90 37.74 0.05 1.62E-04 3.31 0.998       
GM0179 18 Alluvium   6.48 18 0.73 17100 6.70   8.21 246.76 50.40 75.11 129.57 0.10 4.84E-04 0.05 0.061 0.90 1.27 <0.02 
GM1692 40 Alluvium   6.95 21.2 0.72 3680 6.66   7.85 48.45 14.87 20.07 33.48 0.10 3.23E-04 2.64 0.232 0.10 0.14 <0.02 
P6 109 Alluvium   7.37 24.6 3.67 3560 5.96   3.10 38.03 4.09 8.31 39.43 0.15 3.55E-03 0.15 0.013 0.10 0.14   
GM1074 28.9 Alluvium Dalby 6.64 21.7 2.52 9790 10.60   8.31 147.32 16.17 39.65 95.65 0.13 2.64E-02 <0.05 0.002 0.10 0.14 <0.02 
P10 28 Alluvium   6.53 22.5 1.13 3200 6.20   3.44 45.92 8.23 13.57 38.83 0.10 2.32E-02 0.12 0.092 0.50 0.70   
GM1464 79 Alluvium   7.1 19.7 4.23 541 5.82 1.04 0.10 2.17 2.30 2.39 4.09 0.05 2.26E-03 <0.05 0.006 0.20 0.28 <0.02 
P18 89 Alluvium   7.47 24 4.93 2760 7.88 1.61 3.73 30.99 4.94 9.46 29.57 0.18 4.03E-03 <0.05 <0.001 0.30 0.41 <0.02 
GM1397 24 Alluvium   7.3 24.4 1.84 1260 7.72 1.74 0.21 11.41 2.99 5.27 12.26 0.05 1.53E-02 <0.05 <0.001       
GM1398 24 Alluvium   7.3 23.5 2.39 1630 6.28 1.41 0.23 18.00 3.54 4.52 16.91 0.05 3.64E-02 <0.05 <0.001       
GM1383 31 Alluvium   7.17 21.8 4.20 2110 7.22   0.46 25.55 6.79 12.01 14.70 0.08 1.97E-02 <0.05 <0.001       
GM1173 54.9 Alluvium   7.62 23.1 4.12 717 5.28   0.48 4.79 0.60 1.07 9.04 0.03 5.48E-03 <0.05 <0.001 0.20 0.28   
GM1338 41.2 Alluvium   7.28 21.9 3.81 7860 6.78 0.64 20.58 100.28 7.39 28.05 87.39 0.10 1.18E-02 <0.05 0.041 0.40 0.54 0.22 
GM1462 65.5 Alluvium   7.02 22.8 3.50 467 6.04   0.13 1.46 1.90 2.06 3.48 0.05 2.90E-03 0.13 0.003       
P20 76.8 Alluvium Cecil Plains 7.03 22.6   463 6.04   0.21 0.99 1.95 2.22 3.13 0.05 3.23E-03 <0.05 <0.001 0.30 0.40 <0.02 
IND6 52.2 Kumbarilla Stratheden 7.03 20.3 1.23 5890 2.78   1.48 95.77 26.70 15.71 45.22 0.20 2.10E-03 <0.05 0.030 0.70 0.81   
IND2 84.9 Alluv-WCM Cecil Plains 7.42 23.7 1.05 890 6.34 1.07 2.83 4.17 1.85 1.73 10.61 0.31 3.23E-04 <0.05 0.464 7.00 9.43   
P2 100.6 WCM   6.71 22.7 1.48 8900 5.36   4.42 131.83 26.50 34.72 74.35 0.23 < 1.62E-04 2.73 0.852 0.30 0.42 <0.02 
P5 57.9 WCM   7.7 22.4 2.14 3800 7.18   3.15 40.85 2.25 2.80 50.43 0.15 < 1.62E-04 0.16 0.013 0.50 0.71   
P8 60 WCM   7.19 22.8 5.23 1160 4.84   0.04 11.75 5.94 7.32 6.22 0.03 4.85E-01 <0.05 <0.001 1.20 1.68   
P9 154 WCM   8.28 22.5 2.12 1230 4.48 1.07 1.04 12.23 0.80 0.16 17.52 0.08 9.68E-04 <0.05 0.031       
P12 47 WCM   6.78 23.1 2.08 638 6.32   0.06 2.51 3.29 4.20 3.13 0.13 2.34E-01 <0.05 0.005     0.95 
P13 48 WCM   7.05 24.6 10.01 968 7.50   1.19 8.06 4.14 4.94 7.91 0.20 6.29E-03 <0.05 0.008       
P16 89.9 WCM   8.25 23.3 7.87 469 4.18 0.97 0.04 2.31 0.75 0.41 6.00 0.05 1.13E-03 <0.05 0.009       
WCM = Walloon Coal Measures. Alluv-WCM = sample at the alluvial basement/alluvial-coal measure interface. CSG = CSG production water sample taken from the relatively deep gas reservoir (200-500 m) in the 
WCM. DOCadj calculated as per Peacock et al. (2015). 
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Chapters 8 and 9 are presented as two linking parts. Part A (paper 5 – peer-
reviewed and published in Procedia Earth and Planetary Science) provides a 
preliminary assessment on the use of δ7Li in coal seam gas-related studies. Part B 
(paper 6) provides a more detailed assessment of solute transfer within and between 
the alluvium and coal measures, and provides further insight into the value of Li and 
δ7Li in coal seam gas-related studies.  
Chapter 8: Stable isotopes of lithium as 
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Abstract 
In this study lithium isotopes were used in combination with hydrochemistry to 
investigate interactions between coal-seam-gas bearing sedimentary bedrock aquifers 
and surrounding basalt and alluvial aquifers in a large catchment in eastern Australia. 
Understanding groundwater transport and aquifer connectivity is critical to managing 
coal seam gas (or coal bed methane) developments, because large volumes of water 
need to be extracted in order to release the sorbed gas; however, to date lithium 
isotopes have not been applied to coal seam gas groundwater management problems 
and no information on the δ7Li of coal or coal-seam groundwater is available. Li/Cl 
and Li/Na ratios in the coal-bearing and sedimentary bedrock aquifers are distinct 
(>0.0001) from alluvial and basalt aquifers (<0.0001). Preliminary δ7Li results for 
coal measure samples are typically between 7 and 11‰; many of these samples also 
contain methane, and can therefore be expected to be influenced by coal and the 
early stages of methanogenesis. Interestingly the coal measure with lowest δ7Li value 
occurs in an area where the coal measures outcrop and direct recharge is likely, with 
nearby basalt groundwater having much higher δ7Li values (δ7Li>18‰). Preliminary 
lithium isotope results show that δ7Li may be effective in distinguishing groundwater 
flow paths in the coal-bearing aquifer from basalt aquifers, and from a transitional 
zone between the alluvium and underlying coal measures. Further lithium isotope 
analysis is being carried out to: a) compare the δ7Li between alluvial, basalt and coal-
bearing aquifers to further investigate aquifer connectivity; b) to describe δ7Li for 
CSG production waters with low- and high-methane groundwater in the coal-bearing 
aquifer; c) to describe the δ7Li from coal and basalt leachate.   
8.1 INTRODUCTION 
Coal seam gas (CSG) refers to sorbed gas, predominantly methane, held under 
pressure in underground coal seams. The gas may be biogenic or thermogenic. There 
is growing interest in commercial production of this resource globally. The 
extraction process requires large volumes of groundwater to be extracted from the 
coal seams so that the sorbed gas is released. This water extraction process raises 
concerns about aquifer connectivity, particularly where other important groundwater 
resources, such as those used for agriculture, occur in adjacent aquifers. There is a 
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need for effective indicators of aquifer connectivity to be described that allow 
interactions between aquifers to be described and flow paths within and between 
aquifers to be delineated.  
The stable isotopes of lithium (7Li) have successfully been applied in other studies 
to investigate groundwater flow paths and aquifer interaction, and 7Li shows 
promise as an effective aquifer connectivity indicator in settings where 
methanogenesis is occurring because lithium isotopes do not undergo fractionation at 
redox or pH conditions, or under biologically mediated processes (Tang et al. 2007; 
Négrel et al. 2012; Meredith et al. 2013). The fractionation of lithium isotopes in 
clays and brines has allowed 7Li in production waters from oil and gas producing 
wells in shale and shale-bearing sedimentary basins to be successfully applied to 
investigate fluid migration and the origin of brines (Chan et al. 2002; Macpherson et 
al. 2014; Warner et al. 2014) (see Figure 8.2 for δ7Li range of these waters). 
However, to date no work has been performed on lithium isotopes in coal seams, 
particularly those associated with CSG. Coal deposits have also been shown to be a 
promising source of rare metals, including lithium (Seredin et al. 2013; Qin et al. 
2015), and this suggests that groundwater from coal-bearing aquifers may have 
distinct lithium isotope signatures.  
In this study, lithium isotopes, in combination with major and minor trace elements, 
are used to investigate flow paths within and between coal-bearing sedimentary 
bedrock aquifers, basalt aquifers and alluvial aquifers in the Condamine River 
catchment, south east Queensland, Australia. The upper Condamine River alluvium 
is an important agricultural groundwater resource and is flanked by a large Neogene 
alkaline olivine basalt extrusion and outcrops of the Walloon Coal Measures (WCM) 
and other Jurassic sedimentary bedrock of the Surat and Clarence-Moreton basins 
(Figure 8.1). The sedimentary deposits are comprised of sandstones, siltstones, 
mudstones and coal, which were deposited in non-marine, fluvial and lacustrine 
environments, with the most abundant coal seams found in the WCM (Exon 1976). 
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Figure 8.1 Upper Condamine catchment, Queensland, Australia. The Marburg Subgroup consists of: 
Gatton Sandstone and the Koukandowie Formation, herein undifferentiated. The Kumbarilla Beds 
consists of: Springbok Sandstone, Mooga Sandstone, Orallo Formation, Gubberamunda Sandstone 
and Bungil Formation, herein undifferentiated.  
These sedimentary deposits dip to the southwest beneath the Condamine alluvium, 
and in some cases, the alluvium has incised the WCM by up to 130 m within a 
paleovalley (QWC 2012).  Commercial quantities of predominantly biogenic 
methane gas occur in a shallow CSG reservoir of the Jurassic Walloon Coal 
Measures, but these concentrated gas reserves are significantly deeper (300m+).    
8.2 METHODS 
Approximately 30 groundwater samples from alluvial, coal measures, shallow 
bedrock and basalt aquifers were collected for major, trace elements and lithium 
isotope analysis. The sampling strategy focused on potential areas of aquifer 
interaction between all aquifers as well as along the potential flow path within the 
coal measures as the feature dips to the south west. Groundwater samples were also 
taken from deeper areas of the coal measures, where coal and coal seam gas are 
prevalent. Basalt rock and coal samples were also taken and used in lithium isotope 
leaching experiments to obtain end member lithium isotopic values of coal and basalt 
minerals during leaching experiments.  
Lithium isotopes were measured using the Neptune MC-ICP-MS at the Laboratory 
Division of the French Geological Survey (BRGM), Orléans, France. Standard 
sampling bracketing method and L-SVEC standard solution were used to determine 
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7Li values. Cationic resin (BioRad AG 50W-X12, 200-400 mesh) and 0.2N HCl 
acid media (for 30 ng of lithium) was used to achieve chemical separation of lithium. 
The method has a precision for δ7Li determination of approximately 0.1-0.2‰.  
8.3 PRELIMINARY RESULTS 
Relatively lower Li/Na ratios for alluvial water samples, when compared to basalt 
and coal measure water samples, reflects different weathering processes between the 
alluvium and adjacent aquifers. The incorporation of lithium into clay minerals 
and/or salinization likely to be driving lower Li/Na ratios in the alluvium (Figure 
8.2a). Relatively high Li/Na ratios for one alluvial water sample were observed: this 
water sample occurs in a transition zone between the alluvium and underlying coal 
measures (Figure 8.2a).  
 
 
Figure 8.2 Li/Na versus chloride concentrations for alluvial, basalt, shallow sedimentary bedrock and 
coal measure aquifers; and b) Li/Cl versus δ7Li for alluvial, basalt, shallow sedimentary bedrock and 
coal measure aquifers.  
Preliminary results for lithium isotopes show varying δ7Li values between basalt and 
coal measure water samples (Figure 8.2b). Generally, basalt water samples are more 
enriched in 
7
Li than coal measure water samples. High and low δ7Li values for coal 
measure water samples suggest different flow paths for this aquifer. The coal 
measures sample with high δ7Li occurs in an area where basalt discharge and/or 
runoff from basalt outcrops is potentially recharging the alluvium and underlying 
coal measures. Interestingly the coal measure with lowest δ7Li value occurs in an 
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area where the coal measures outcrop and direct recharge is likely, with nearby basalt 
groundwater having much higher δ7Li values (δ7Li>18‰).  
Water samples from coal measures that contained methane had δ7Li values between 
7 and 11‰. These samples can be expected to be influenced by coal and the early 
stages methanogenesis; they occur up-gradient of the deeper CSG reserves. No 
relationship between δ7Li and methane concentrations or the 13C-CH4 or 
2
H-CH4 
were observed. A water sample from the alluvium-coal measure transition zone is 
distinct from a coal measure water sample taken directly underlying the transition 
zone at a nested bore site (Figure 8.2b). The result suggests that the transition zone 
and coal measures are subject to independent influences and may have limited 
hydrologic connection. Further analyses will be performed for alluvial water samples 
to investigate relationships between the transition zone, coal measures and alluvium.  
Further δ7Li analyses will also be performed on groundwater samples from coal seam 
gas wells, where coal and methanogenesis are prevalent, as well as on leachate water 
from basalt and coal leaching experiments. The boundaries for conventional and 
unconventional production waters are shown on Figure 8.2 for reference. These 
reflect the weathering of shales and the possible transport of water from depth in 
marine settings associated with petroleum deposits (Chan et al. 2002; Macpherson et 
al. 2014). The preliminary results shown here suggest the coal-bearing sedimentary 
feature (the Walloon Coal Measures) have distinct lithium isotope signatures, but no 
work has previously been done on the influence of coal on lithium isotopes: 
additional analyses will also be presented to compare δ7Li of coal seams with other 
conventional and unconventional production waters.   
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Abstract 
A combination of Cl, δ2H-H2O and δ
18
O-H2O, δ
37
Cl, 
3
H and 
14
C, Cl/Br and Li/Cl 
ratios and δ7Li were used to assess: a) the origins of conservative solutes; and b) the 
potential for solute (mass) transfer within and between a large, heterogeneous 
alluvial aquifer (the Condamine River alluvium) and an adjacent coal seam gas-
bearing aquifer (the Walloon Coal Measures) in eastern Australia. Moreover, 
consistent d-excess values with increasing Cl and variable Cl/Br ratios indicate the 
dominant controls on salinity in both alluvial and coal measures aquifers are likely to 
be wetting and drying and the associated precipitation and dissolution of salts, as 
well as transpiration. Conclusive evidence of significant halite dissolution from 
external sources (e.g. salt accessions or aeolian-derived salts) was not observed. 
Measurements of 
14
C provided ambiguous results due to the effect of 
methanogenesis, and potentially the dissolution of carbonates, in both the coal 
measures and the alluvium.  While discrete spikes in Cl in deep areas of the alluvium 
have previously been thought to be associated with the influx of groundwater from 
the underlying coal measures, δ37Cl results do not show evidence of significant 
solute (Cl) migration between the alluvium and coal measures in either direction, 
either via diffusion or possible ion filtration through the clayey transition zone. Using 
Li/Cl ratios in combination with Br concentrations, a clear delineation between 
alluvial and coal measures aquifers could be made.  The Li/Cl for alluvial samples 
remains low even at higher salinities because the Li concentrations of the alluvium 
are consistently low (typically ~0.001 mg/L or less). This compares with coal 
measure samples that are distinguished by high and variable Li concentrations (0.007 
mg/L to 0.04 mg/L) that are generally positively related to Cl. Combining Li 
concentration results with the stable isotopes of Li (δ7Li) we found no evidence of 
large-scale mass solute transfer from the Walloon Coal Measures to the overlying 
Condamine River alluvium. Li and δ7Li show particular promise as an aquifer 
connectivity indicator in coal seam gas studies because the Li ion and its stable 
isotopes are not affected by pH, changes in redox conditions or by biological 
processes (e.g. methanogenesis) and because coal can be a typical source of Li ions.    
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9.1 INTRODUCTION 
Understanding aquifer connectivity is a particularly important issue for the coal seam 
gas industry because water needs to be extracted from coal seams in order to extract 
the sorbed gas. As a result there is a perceived risk to water resources in adjacent 
aquifers, particularly alluvial aquifers which are often important water resources. In 
Australia, alluvial aquifers provide over 60% of the extracted water resources, the 
majority of which is used for agricultural purposes (GeoScience Australia 2016a). 
Where coal seam gas and agricultural industries operate in the same area, competing 
interests for the rights to extract water can result in conflict and water resource 
management challenges (QWC 2012).  
Hydraulic information is often collected and/or modelled to describe aquifer 
interactions: fundamentally, these studies are concerned with the pressure differential 
between aquifers (Knudby et al. 2005; Knudby et al. 2006; Bianchi et al. 2011). In 
addition, the mass transfer of solutes also needs to be understood in order to better 
delineate end members and identify potential and/or existing aquifer interaction. 
Heterogeneity, preferential flow paths and mixing, particularly in alluvial aquifers, 
can result in complex hydrogeological settings where aquifer interactions may not be 
conspicuous; this problem is often addressed by the use of multiple tracers such as 
isotopes and conservative ions (Dogramaci et al. 2001; Gerber et al. 2001; 
Kloppmann et al. 2001; Heinz et al. 2003; Proce et al. 2004; Shand et al. 2005; 
Cartwright et al. 2006; LaBolle et al. 2006; Tweed et al. 2006; Bassett et al. 2008; 
Cartwright et al. 2010; Négrel et al. 2012; Meredith et al. 2013; Négrel et al. 2013; 
King et al. 2015). Ultimately, the choice of parameters used to assess hydrochemical 
interactions between aquifers depends on the hydrogeology of the area being studied. 
Similarly, the effectiveness of particular hydrochemical and/or isotopic tracers 
depends on the nature and type of aquifers being studied. As a result, tracers, or 
combinations of tracers, that are effective in one area, may not be useful in another, 
and there is a need to compare the value of particular hydrochemical and isotopic 
parameters in delineating end members and assessing aquifer interaction in particular 
settings.  
This paper deals with the use of conservative ion and isotopic tracers to delineate 
shallow coal seam aquifers from an overlying alluvial aquifer, with a particular focus 
on the effectiveness of the conservative Li ion in delineating between aquifers. Li 
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and δ7Li show particular promise as effective indicators in coal seam gas-related 
studies because coal is a potential source of Li ions (Seredin et al. 2013; Qin et al. 
2015). In addition to Li concentrations and δ7Li, we use stable isotopes of chlorine 
(δ37Cl), water (δ2H and δ18O),  as well as radio isotopes tritium (3H) and carbon 14 
(
14
C) in combination with conservative ions Cl, Br and Li to investigate the potential 
sources of water and conservative solutes and the potential for mass (solute) transfer 
between aquifers. A large catchment in eastern Australia, the Condamine River 
catchment, is used as a case study: in this catchment a large, agriculturally important 
alluvial groundwater resource overlies a shallow coal seam gas reservoir that is being 
exploited for its commercial gas reserves.  
A key aim of this paper is to compare the effectiveness of some typical parameters 
used to investigate aquifer connectivity associated with coal seam gas studies. Coal 
seam gas, and potential aquifer connectivity remain controversial issues, and 
government and industry alike are tasked with performing groundwater sampling 
programs to both define baseline conditions, as well as to monitor the state of 
groundwater resources during gas extraction. As a result, in order to allow practical 
and informative monitoring programs to be designed, there is a need to assess the 
effectiveness of different parameters when investigating potential aquifer 
interactions. Many of the isotopic parameters used in this study have been noted as 
potential tools for investigating aquifer connectivity in coal seam gas-related studies 
in the Surat Basin (GISERA 2011; CSIRO 2014), thus allowing a critique of the 
effectiveness of these parameters in the Condamine River catchment to be made. The 
primary objectives of this study are to: 1) understand the sources and controls on 
conservative ions within and between these two aquifers; and 2) compare the 
effectiveness of Li and δ7Li against other stable, radio isotope and conservative ion 
(Cl and Br) tracers for assessing interactions between the alluvium and the coal 
measures. 
9.2 BACKGROUND 
9.2.1 Hydrochemical and isotopic tracers in coal seam gas studies  
The radiogenic 
87
Sr isotope is often used as an effective groundwater tracer, and 
previous studies have shown some success in delineating coal seam gas- or shale-gas 
bearing aquifers and surrounding aquifers using 
87
Sr (Frost et al. 2002; Négrel et al. 
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2005; Golab et al. 2006; Cartwright et al. 2010; Chapman et al. 2012). Other studies 
have also used multiple isotopes in combination with Cl/Br ratios and CH4 to assess 
gas transport that may be associated with brine migration (Kesler et al. 1996; Davis 
et al. 1998; Cartwright et al. 2006; Alcalá et al. 2008; McIntosh 2011; McIntosh et al. 
2014). The presence of brines or more saline end members in these studies creates a 
distinct high-salinity end member that allows mixing processes to be delineated. 
In the Surat Basin, Australia, some preliminary studies suggest 
87
Sr is not necessarily 
effective in distinguishing between coal measure aquifers and surrounding basalt and 
alluvial aquifers (Duvert et al. 2015a and Raiber, pers. comm). Similarly, a recent 
study in the Condamine River catchment (paper 4, Chapter 7 of this thesis) did not 
suggest large-scale CH4 leakage from the underlying coal measures to the alluvium, 
and there are no brines in this part of the shallow parts of the Surat and Clarence-
Moreton basins that allow a distinct saline end member to be described. 
9.2.2 Lithium and δ7Li as an ideal tracer in coal seam gas studies  
Lithium (Li) is a rare alkali-metal with a mono-valent charge, similar to sodium but 
lighter, with a smaller ionic radius: it forms no low solubility weathering products 
and is poorly adsorbed on common ion-exchange minerals (Hem 1985). While 
lithium is often preferentially retained in incongruent weathering reactions, relative 
to Na, when Li is weathered into solution it tends to remain dissolved (Hem 1985; 
Huh et al. 1998; Huh et al. 2004). In comparison to major and minor ions, including 
Br, this element is typically found in trace amounts, with high concentrations of Li 
only found in brines. Subsequently, any contribution of Li dissolution from Li-
bearing minerals in groundwater is likely to be hydrochemically conspicuous.  
The advantage of Li as a conservative ion is that, unlike Cl and Br, dissolved Li 
concentrations depend on insitu weathering and the aquifer’s lithology. This means 
that two similar sources of water in two different aquifers, that have similar controls 
on salinity, can theoretically be distinguished by the Li composition. For this reason 
it serves as a potential effective tracer where 
87
Sr is ineffective. However, despite 
these conservative properties the Li has been infrequently applied as a tracer in 
groundwater studies: in fact it has only been used in a handful of cases (Murray et al. 
1981; Wrenn et al. 1997; Carrillo-Rivera et al. 2002; Kszos et al. 2003; Richards et 
al. 2015). In addition to being conservative, Li is generally not affected by pH at low 
temperature conditions, by changes in redox conditions or by biological processes 
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(e.g. methanogenesis) (Hem 1985; Tang et al. 2007), and because coal is known to 
be a source of Li (Seredin et al. 2013; Qin et al. 2015). This makes an ideal 
parameter for studies involving biogenic-gas-bearing and/or coal bearing aquifers. A 
recent study in the Surat/Clarence-Moreton basins presented some preliminary 
results for the stable isotopes of lithium within and between coal measure, alluvial 
and basalt aquifers for the Condamine River catchment, Australia (Owen et al. 
2015b). Results suggest some interactions between coal measure and basalt aquifers 
was occurring, yet, remarkably the lithium concentrations in the alluvium were 
typically low compared to coal measure aquifers.   
In addition to Li, the stable isotopes of Li (δ7Li) also show promise as an effective 
groundwater tracer (Huh et al. 1998; James et al. 2000; Chan et al. 2002; Pistiner et 
al. 2003; Huh et al. 2004; Rudnick et al. 2004; Lemarchand et al. 2010; Millot et al. 
2010; Négrel et al. 2012; Meredith et al. 2013). Being the smallest alkali metal, 
lithium has a low atomic weight, resulting in a large relative mass difference between 
the two stable isotopes of lithium, 
6
Li and 
7
Li. This creates the potential for a high 
degree of isotopic fractionation during different hydrochemical processes, 
particularly the weathering of silicates and clay minerals (Huh et al. 1998; Pistiner et 
al. 2003; Huh et al. 2004; Millot et al. 2010). The fractionation of lithium isotopes in 
clays and brines has allowed δ7Li in production waters from oil- and gas- producing 
wells in shale and shale-bearing sedimentary basins to be successfully applied to 
investigate fluid migration and the origin of brines (Chan et al. 2002; Macpherson et 
al. 2014; Warner et al. 2014). However, to date no work has been performed on 
lithium isotopes in coal seams, particularly those associated with coal seam gas. The 
work presented in this paper aims to provide updated analysis to the lithium 
concentration and lithium isotope results presented in Owen et al. (2015b) and 
additional discussion on the use of this indicator to delineate coal seam gas 
groundwater. The sources of Li are discussed and new Li concentration and δ7Li data 
for the alluvium and coal measures are presented.  
9.2.3 Hydrogeological setting 
The Condamine River catchment is a large subcatchment (30,451 km
2
) in the 
headwaters of the Murray-Darling Basin in southeast Queensland, Australia (Figure 
9.1a). The subcatchment overlies two sedimentary basins; the Surat Basin in the west 
and the Clarence-Moreton Basin in the east (Figure 9.1a). Both basins contain 
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commercially-viable quantities of coal seam gas resources (CH4) in a Jurassic coal-
bearing feature, the Walloon Coal Measures (the coal measures). The alluvium 
occurs adjacent to large Neogene alkaline olivine basalt extrusions (Main Range 
Volcanics) to the northeast and outcrops of the coal measures and other Jurassic 
sedimentary bedrock of the Surat and Clarence-Moreton basins. The coal measures 
form the major basement feature of the alluvium in the study area (Lane 1979; 
Huxley 1982) (Figure 9.1b). At the bedrock-alluvial interface an impervious clay 
layer (termed: the “transition zone”) is proposed to limit interaction with the 
underlying WCM; however, the spatial extent of this transition layer is not well 
known. In some cases, the alluvium has incised the coal measures by up to 130 m 
within a paleovalley (QWC, 2012) (Figure 9.1b).   
A number of other studies already provide a good overview of the current state of 
knowledge of the Condamine alluvium, with hydrochemical assessments showing 
highly variable hydrochemistry in the main alluvium (Lane 1979; Huxley 1982; 
Hansen 1999; Kelly et al. 2007; Dafny et al. 2013; Owen et al. 2015a; Hocking et al. 
2016).  Some earlier studies suggested the transition zone may be limiting alluvial-
coal measure interactions to a ~35 ML per year flux, while more recent studies 
suggest it may be as high as 3650 ML per year (Huxley 1982; Coffey Environments 
Australia 2012). 
Since the 1960s, thousands of wells have been drilled into the alluvium to support 
large-scale agriculture (primarily cotton and grain crops). Long-term over-extraction 
led to a decline in aquifer volume, but the net extraction rate has been significantly 
reduced in the last decade through improved water resource management policies 
(Cox et al. 2013; Dafny et al. 2013). Extraction of the gas occurs within the coal 
measures between 200 and 500 m, where a commercially-viable gas reservoir occurs 
(see Figure 9.1b). However, the area of the coal measures underlying the alluvium is 
shallower (< 200 m). The term “coal measures” in this paper is used to refer to the 
Walloon Coal Measures in shallower areas (< 200m) that directly underlies the 
alluvium (Figure 9.1b).The first commercial production of coal seam gas in the study 
area occurred in 2006 (Day 2009). There are insufficient records to infer baseline 
conditions prior to gas extraction or extraction of water for irrigation, although it is 
unlikely that sufficient time has passed to allow significant solute transport that may 
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have been induced due to extraction, particularly recent coal seam gas extraction, to 
be detected.  
In the Condamine catchment, and the Surat basin more broadly, the brackish nature 
of coal seam gas production water is well known (QWC 2012; Hamawand et al. 
2013). Some preliminary studies indicate that changes in Cl concentrations in the 
deep alluvium may be indicative of interactions with the underlying coal measures 
(KCB 2010; Hillier 2012; Dafny et al. 2013). In order to address the potential for 
changes in salinity to be used as an effective aquifer-connectivity indicator, there is a 
need to understand Cl within and between aquifers. Here we use Cl concentrations, 
and Cl/Br ratios to assess if end members and potential solute transfer pathways 
between aquifers can be defined using these conservative ions. This assessment is 
performed in combination with δ37Cl; this parameter is particularly useful for 
understanding diffusion-related solute transfer (Eggenkamp et al. 1994; GISERA 
2011; Yamanaka et al. 2014).  
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Figure 9.1 Hydrogeological setting and study area, showing a) location of the Condamine River 
catchment and Surat/Clarence-Moreton basins in eastern Australia; and b) conceptual cross section of 
the Condamine alluvium and adjacent sedimentary features. For a) the basin boundary is defined as 
the Kumbarilla Ridge (Cook et al. 2013; Hamilton et al. 2014 and references therein). For b) the land 
surface and alluvial depth profile is real, as taken from the Condamine Groundwater Visualisation 
System (GVS) (Cox et al. 2013): the outcrops and depth extent of the olivine basalt and sedimentary 
bedrock features have not been mapped in detail and are represented as conceptualisations based on 
existing literature (Lane 1979; Huxley 1982; QWC 2012). 
9.3 METHODOLOGY 
9.3.1 Field sampling 
Results from Owen and Cox (2015a) were used to inform a strategic sampling 
regime for the collection of geochemical and isotopic data at key sites where the 
hydrochemical water type in the alluvium was shown to be similar to water types in 
the underlying alluvium. Data was also collected from shallow alluvial wells, 
selected basalt aquifers and the coal measures underlying and adjacent to the 
alluvium. Given that river leakage is reportedly a major contributor to alluvial 
recharge in some studies (Lane 1979; Huxley 1982; Dafny et al. 2013), two river 
sites on two separate sampling events (samples = n = 4) were sampled to obtain a 
river water end member for comparison.  
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Samples were collected from 55 wells using: a) low flow sampling technique 
(monitoring wells and irrigation wells where there was sufficient space to lower the 
pump); or b) via purging irrigation/domestic wells that already contained submerged 
electric pumps. In all cases, sampling was not initiated until hydrochemical 
parameters stabilised. Samples were taken from the alluvium (n=25), the coal 
measures (< 200 m) (n=14) and selected basalt wells (n=7). Two of the alluvial 
samples taken were at the alluvial-coal measure interface and may be considered to 
be at or in the clayey “transition zone” between these aquifers. Where monitoring 
wells had multiple screens, the bladder pump was placed at the interval of the lowest 
screen. Multi-pipe wells (wells with multiple pipes in a single drill hole) were strictly 
avoided. Two rainfall samples were also taken: 1) at Macalister (north west of study 
area); and 2) from a site in the basalt ranges in the east of the study area in the 
headwaters near the town of Maryvale (sample courtesy of Jorge Martinez, 
Queensland University of Technology).  
Samples for Li, Br, δ7Li, δ37Cl, 14C were filtered through high capacity in-line 0.45 
µm polyethersulphone filters. Samples for 
3
H were unfiltered and collected in 1L 
Nalgene bottles. Samples used to determine Li concentrations were preserved with 
nitric acid. Samples used to determine δ37Cl were collected in 1L Nalgene bottles. Br 
samples were placed in cleaned falcon tubes. Samples used to determine δ7Li were 
collected in pre-cleaned 250 mL high density polyethylene (HDPE) bottles and 
preserved with double-distilled nitric acid. With the exception of trace metal bottles 
(which contained an acid preservative) all bottles were rinsed 3 times with well 
discharge water prior to filling. With the exception of 
3
H and δ7Li, all samples were 
stored initially on ice and then at ~4
o
C until analysis. 
9.3.2 Sample analysis 
Samples were analysed for pH, dissolved oxygen (DO), specific conductivity 
(conductivity) and temperature using a YSI physico-chemical meter in the field (YSI 
Professional Plus). Li concentrations were performed at NATA accredited ALS 
Laboratories, Brisbane, QLD using the USEPA 6020 ICP/MS method and repeated 
at QUT using ICPOES, with a RSD between 0.4% - 4.3%. Selected Li samples 
where the Li concentration was below detection limit (0.001 mg/L) were re-analysed 
using ICP-MS at BRGM (the French Geological Survey) in Orléans, France. Br 
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samples were analysed at Queensland Health Scientific and Forensics services 
laboratory (Br).  
Isotope samples were analysed as follows:  
δ2H and δ18O were measured using a Los Gatos Research Water Isotope Analyzer 
(QUT, Institute for Future Environments) using four Los Gatos standards ranging 
from -154.3‰ to -9.5‰ for δ2H and -10.3 to -1.39 for δ18O, as well as V-SMOW 
(0‰). Precision of the instrument is reported to be 0.5‰ for δ2H and 0.1‰ for δ18O. 
Replicate analyses indicating an analytical errorof 0.04‰ to 0.45‰, and 0.001‰ to 
0.7‰, respectively. 
 
δ37Cl were measured using a stable isotope ratio mass spectrometer at Isotope Tracer 
Technologies in Waterloo, Canada. Standard error ranged from 0.03 - 0.16‰.  
Lithium isotopes were measured using the Neptune MC-ICP-MS at the Laboratory 
Division of the French Geological Survey (BRGM), Orléans, France. Standard 
sampling bracketing method and L-SVEC standard solution were used to determine 
δ7Li values. Cationic resin (BioRad AG 50W-X12, 200-400 mesh) and 0.2N HCl 
acid media (for 30 ng of lithium) was used to achieve chemical separation of lithium. 
The method has a precision for δ7Li determination of approximately 0.1-0.2‰. 
Tritium (
3
H) samples were vacuum distilled and electrolytically enriched prior to 
liquid scintillation spectrometry analysis by Quantulus ultra-low-level counters at 
GNS, New Zealand (Morgenstern and Taylor, 2009). The sensitivity is now further 
increased to a lower detection limit of 0.02 TU (two sigma criterion) via tritium 
enrichment by a factor of 95, and reproducibility of tritium enrichment of 1% is 
achieved via deuterium-calibration for every sample. The precision (1) is ~1.8% at 
2 TU. Radiocarbon (
14
C) analysis was performed at the Accelerated Mass 
Spectrometry (AMS) laboratory at GNS, New Zealand. 
14
C activity is presented as 
percent modern carbon (pmc), which is an uncorrected age, with pmc error ranging 
from 0.18 - 0.25. The pmc is a decay corrected value calculated using:  
(9.1) 100 x (Δ14C / 1000 + 1) 
9.3.3 Data preparation 
All major ion data were above detection limits (DL), with the exception of K (n=2), 
Mg (n=1), SO4 (n=26) (DL = 1 mg/L) and Li (n=16) (DL = 0.001 mg/L). Values 
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below detection limit were imputed using the R package zCompositions via the log 
ratio Data Augmentation function (lrDA): this function is based on the log-ratio 
Markov Chain Monte Carlo MC Data Augmentation (DA) algorithm (Palarea-
Albaladejo et al. 2015). 
9.4 RESULTS AND DISCUSSION 
9.4.1 δ2H-H2O and δ
18
O-H2O 
δ2H-H2O and δ
18
O-H2O of water are variable for all aquifers; ranging from -38.2‰ 
to -22.7‰ and -5.9‰ to -3.6‰ for δ2H and δ18O, respectively for alluvial aquifers; -
27.3‰ to -25.0‰ and -4.7‰ to – 3.9‰, respectively for basalt aquifers; and -36.1‰ 
to -23.3‰  and -6‰ to -3.7‰ for δ2H and δ18O, respectively for coal measure 
aquifers. All groundwater samples show a deviation from the LMWL and plot closer 
to the Global Meteoric Water Line (GMWL), indicating that the groundwater is not 
representative of modern rainfall, and that there is no obvious influence of 
evaporation and/or potential effect of rock weathering on groundwater (Figure 9.2). 
Where recharge to the aquifers is from major events, the source water can be much 
more depleted in δ2H and δ18O (Duvert et al. 2015a; King et al. 2015). As a result, 
variable δ2H and δ18O values in the alluvium can be expected where a range of 
different recharge processes and events contribute to alluvial groundwater. However, 
we found no spatial relationship that would explain the variability of δ2H and δ18O.  
Importantly, δ2H-H2O and δ
18
O-H2O do not highlight distinctly different water types 
between the alluvium or coal measures.  
Under evaporation conditions, the deuterium excess (d-excess) depletes with 
increasing Cl (Dansgaard 1964). With the exception of evaporation conditions at 
surface water sites, relatively consistent d-excess values and variable Cl 
concentrations indicate that evaporation is not a dominant control on salinity within 
and between aquifers (Figure 9.3a). 
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Figure 9.2 Comparisons between δ2H-H2O and δ
18
O-H2O for alluvial, shallow coal measures, basalt 
and river water samples. GMWL = Global Meteoric Water Line; LMWL = Local Meteoric Water 
Line at Toowoomba (Crosbie et al. 2012). 
9.4.2 Salinity variations within and between aquifers  
Alluvial groundwater showed the highest salinity variation in the data set, ranging 
from 35 mg/L to 8760 mg/L. Comparison with depth show that the highest Cl 
concentrations in the alluvium occur in the shallowest zones ~25 m (Figure 9.3b). 
Lower Cl concentrations in the coal measures are typical in recharge areas 
underlying or adjacent to the basalt aquifers (~80 – 500 mg/L). Underlying the 
alluvium, the Cl concentrations are more variable, ranging from 250 mg/L to 4670 
mg/L; however, no spatial relationship in Cl concentrations, or with depth was 
observed (Figure 9.3b). An isolated high Cl coal measure sample (4670 mg/L or 
~130 meq/L) is distinguished from other all other coal measure samples, with nearby 
wells in the coal measures having much lower (<1500 mg/L) Cl concentrations. We 
did not observe any spatial relationship with Cl that could explain this peak Cl in the 
coal measure at this site. In addition to recharge (epigenetic) sources, variability of 
Cl in the coal measures may be influenced by a number of factors, including the 
conditions under which the coal’s parent material was formed, e.g. higher rates of 
evaporation and/or transpiration in palustrine or lacustrine environments (i.e. 
syngenetic Cl), and Cl retention in the coal or clay matrices (Daybell et al. 1958; 
Caswell et al. 1984b; Caswell et al. 1984a; Huggins et al. 1995; Vassilev et al. 2000; 
Yudovich et al. 2006; Baublys et al. 2015; Owen et al. 2015c). 
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While Cl in the shallow alluvium is typically high, the deep wells are typically 
characterised by much lower salinity. There are, however, a number of exceptions: 
two deep (109 m and 89 m) alluvial wells have Cl concentrations indicative of 
brackish groundwater (Cl = 1350 mg/L (38 meq/L) and 1096 mg/L (31 meq/L), 
respectively) (Figure 9.3b). Similarly, wells screened near the alluvial-coal measure 
transition zone are also comparable to coal measure samples.  
 
Figure 9.3 Cl meq/L versus; a) deuterium excess (d-excess); and b) screen depth for alluvium, 
transition zone, basalt and shallow coal measures (< 200 m) aquifers, as well as river water samples. 
9.4.3 Cl/Br ratios  
In the absence of a strong evaporation trend on the stable isotopes (Figure 9.2) and 
consistent d-excess (Figure 9.3a), the higher Cl in shallow zones of the alluvial 
aquifers is most likely the result of two processes:  
transpiration effects on the shallow groundwater that occurred while the catchment 
remained forested (prior to clearing for agriculture); and/or 
salt accessions that are either related to wetting and drying associated with changing 
climatic conditions since the beginning of the Cainozoic period, or aeolian derived 
salts  
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(Gunn et al. 1979; Acworth et al. 1997; Jankowski et al. 1997; Acworth et al. 2001; 
Cartwright et al. 2006).  
Both Cl and Br are conservative ions, and they are mainly derived from rainfall. 
Cl/Br ratios in rainfall are typically low, particularly in areas away from the coast; 
however, Br is typically more conservative than Cl meaning Cl is preferentially 
precipitated in salts and, as a result, high Cl/Br ratios can be used to infer the 
influence of halite sources on salinity (Davis et al. 1998). Variable Cl/Br ratios in 
groundwater are typically attributed to variability in meteoric recharge and different 
rates of halite dissolution and/or the migration of solutes associated with different 
salinity sources (Davis et al. 1980; Davis et al. 1998; Cartwright et al. 2006; Alcalá 
et al. 2008).  
Results presented in this study show high variability in Cl/Br ratios, but shallower 
wells typically have higher Cl/Br ratios (600-800) than deeper wells (<600) (Figure 
9.4a). Low Cl/Br ratios for deeper wells suggest this deeper water has been subject to 
more rapid recharge than the shallower zones: the low Cl/Br ratios of these wells are 
comparative to meteoric recharge and a low salinity river water sample. The absence 
of 
3
H in most alluvial wells indicates that any flushing and accumulations of surficial 
salts are generally not associated with relatively recent events (see x, y and z in 
Figure 9.4).  
Results for all aquifers do not show an increase in the Cl/Br ratio as Cl increases, 
which would indicate halite dissolution as a major control on Cl concentrations 
(Figure 9.4b). This suggests aeolian-derived salts are unlikely to be a dominant 
source of Cl. Wetting and drying conditions may result in temporary halite 
dissolution and precipitation resulting in variable Cl/Br ratios, particularly  in the 
shallower zones. Br concentrations may also be affected by processes in the plant 
root zone, although their influence on Cl/Br ratios is not necessarily well-understood 
(Davis et al. 1998). An effect of transpiration or other processes associated with the 
plant root zone may explain the large variability of Cl/Br ratios in the shallow 
alluvium, and this would be consistent with stable isotope of water results (Figure 
9.3a).  
In the coal measures, the Cl/Br ratios are equally as variable (Figure 9.4a), but the 
range is consistent with that reported for other areas of the Great Artesian Basin 
(Herczeg et al. 1991).  Two samples had exceptionally high Cl/Br ratios: a coal 
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measure sample in a well underlying the alluvium at Macalister (140 m) (Cl/Br = 
~12,000) and a basalt well (~40 m) that occurs on the basalt ranges (Cl/Br = 
~28,000). The high Cl/Br ratios (not presented in Figure 9.4) suggest halite 
dissolution, but both samples had low Cl concentrations; 15 meq/L (coal measures) 
and 6.5 meq/L (basalt). The Br in these samples may also be affected by biological 
processes, but they were generally considered anomalies in this data set. However, 
they highlight an important issue relevant to this study: while Cl and Br are generally 
conservative, if there are biological processes that are influencing Cl/Br ratios in 
some aquifers, even if only at isolated sites, how can the Cl/Br ratio be used to 
confidently describe aquifer-interaction, particularly when Cl/Br ratios are so 
variable?    
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Figure 9.4 Results for alluvium, transition zone, basalt and shallow coal measures (< 200 m) aquifers, 
as well as river water samples, showing:  a) Cl/Br molar ratios verses screen depth (m)L; b) Cl/Br 
molar ratios versus Cl concentration meq/L); and c) Cl/Br molar ratios versus δ37Cl. Sample with 
detectable 
3
H are labelled as: (x) TU = 0.045; (y) TU = 0.221; and (z) TU = 0.925. 
9.4.4 Stable isotopes of chlorine  
The stable isotopes of chlorine provide a means of understanding Cl sources and 
migration in the subsurface. These isotopes have a small fractionate range (around -
2‰ to 2‰) and in groundwater they are known to fractionation via two main 
processes in nature: 1) diffusion (the preferential transportation of the lighter 
35
Cl 
isotope – depletion of δ37Cl along a diffusion pathway; 2) the repulsion of the lighter 
35
Cl isotope via ion filtration – enrichment of the δ37Cl after passing through a 
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membrane (e.g. clay lenses) (Desaulniers et al. 1986; Kaufmann et al. 1988; 
Eggenkamp et al. 1994; Hendry et al. 2000; Coleman 2004).  
In all aquifers sampled in this study, samples with higher Cl concentrations showed 
enriched δ37Cl values, (Figure 9.5a), with similar fractionation ranges between 
alluvial (-1.30‰ to 1.43‰), basalt (-1.38‰ to 0.36‰) and coal measure (-1.11‰ to 
0.92‰) aquifers. Two rainfall samples exhibited highly depleted δ37Cl, -2.46‰ and -
2.45‰ respectively, which is consistent with the fractionation range for δ37Cl in 
rainfall (Koehler et al. 2010). 
While other studies have observed less complex behaviour of δ37Cl and reported 
diffusion scenarios (depletion of δ37Cl with depth), or evidence of ion filtration 
(increase in F concentrations as δ37Cl) (e.g. Eggenkamp et al. 1994; Hendry et al. 
2000; Li et al. 2012), we found no evidence of a dominant control on Cl or the 
identification of discrete end members that could be used to justify a diffusion model 
or a one-dimensional mixing model.  
While evaporation and halite precipitation can also effect the δ37Cl (Luo et al. 2012), 
under wetting and drying conditions in aquifers where there are no brines, and where 
salts form in dry periods and are flushed again in wetter periods, the fractionation of 
δ37Cl associated with halite precipitation-dissolution cycles should not result in a net 
change in the δ37Cl (Kaufmann et al. 1988). In the alluvium, variable δ37Cl value and 
variable Cl/Br ratios (Figure 9.4c), and consistent d-excess values (Figure 9.3a) 
support the theory that salinity is most likely associated with wetting and drying 
conditions and/or transpiration causing temporary dissolution and precipitation of 
salts.  There are three main mechanisms that could explain the potential fractionation 
of δ37Cl in the alluvium: 
Recharge of rain or river water via advection, leading to depleted δ37Cl and low Cl in 
the shallow alluvium (< -1); 
Ion filtration of recharge water through overlying soils and shallow clay lenses 
leading to enriched δ37Cl  and high Cl concentrations in the shallow alluvium; and 
Diffusion of Cl from shallow, brackish alluvial zones (either horizontal or vertical) 
leading to depleted δ37Cl in lower salinity environments in both shallow and deep 
zones.  
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Exploring these processes further is out of scope for this paper; here we are 
interested in describing aquifer end members and understanding potential aquifer 
interactions. The results presented here contrast with other studies where inter-
aquifer mixing could be distinguished by describing end members using Cl/Br ratios 
and/or δ37Cl values (Cartwright et al. 2006; Shouakar-Stash et al. 2007; Zhang et al. 
2007; Alcalá et al. 2008; Luo et al. 2012; Yamanaka et al. 2014). A major challenge 
in distinguishing between the alluvium and coal measures is that a distinct source, or 
control on Cl, cannot be described. Moreover, the δ37Cl values in the coal measures 
underlying the alluvium are relatively depleted, and show a similar fractionation 
range to that of the deep alluvial groundwater. As a result, large-scale transfer of 
solutes (Cl) between the coal measures and alluvium via diffusion or ion filtration 
(i.e. mass transfer through the transition zone) can be broadly ruled out. However, 
this assumption is limited to the catchment-scale because local variations in δ37Cl 
occur and inter-aquifer mixing at discrete zones, therefore, cannot be readily 
observed. In order to more accurately assess potential aquifer interactions at the 
catchment-scale, additional parameters are needed.  
 
 
Figure 9.5 Results for alluvium, transition zone, basalt and shallow coal measures (< 200 m) aquifers, 
as well as river water samples, showing: a) δ37Cl versus Cl meq/L; and b) δ37Cl versus screen depth 
(m). Sample with detectable 
3
H are labelled as: (x) TU = 0.045; (y) TU = 0.221; and (z) TU = 0.925. 
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9.4.5 14C and ambiguity in delineating groundwater ages under methanogenic 
conditions  
In general, alluvial groundwater has no detectable 
3
H, indicating limited modern 
recharge at the wells sampled. Results for 
14
C (presented as pmc) show considerable 
variability in shallow alluvial wells (Figure 9.6c), although deeper alluvial wells, 
including those near the transition zone have lower 
14
C values that are similar to coal 
measure 
14
C values. The comparable 
14
C of deeper alluvial wells and underlying coal 
measures suggest there may be some common sources of dissolved carbon in some 
deep areas of the alluvium that may be indicative of aquifer interaction, but the 
14
C 
values of alluvial groundwater are likely to be influenced by highly complex carbon 
cycling processes due to the presence of carbonate nodules and calcretes, as well as 
highly variable hydrochemical processes in this system that results in wetting and 
drying and subsequent carbonate precipitation and dilution. In some cases, there is 
likely to be a proportion of dead carbon in the alluvial aquifer that influences the 
14
C 
values, but this may not necessarily be spatially consistent, or consistent with depth. 
This is further complicated by the fact that the alluvium has incised the bedrock, and 
in some areas contains weathered bedrock material and fragments of coal (Huxley 
1982). We suggest that simple models for deriving corrected radiocarbon ages at this 
scale are likely to be over simplistic, and more data from combined data sets 
incorporating information on soil and aquifer CO2 and the δ
13
C-DIC of groundwater 
and associated carbonates and calcretes at different depths is needed before 
attempting to correct radio carbon ages for this highly complex system.  
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Figure 9.6 Log dissolved CH4 (µg/L) versus log pmc for alluvial and coal measure aquifers. For 
demonstration purposes, samples with CH4 below detection limit (10 µg/L) were standardised for the 
log CH4 axis by assigning a value of 0.1. (i) = two coal measure samples in a similar area, near 
Macalister, with no CH4 yet contrasting SO4 concentrations and 
14
C values.  
The use of 
14
C to assess potential interaction between the alluvium and coal measures 
is further complicated in this study area by active, yet spatially-inconsistent, 
methanogenesis in the coal measures and the alluvium. Moreover, higher CH4 
concentrations in the underlying coal measures result in lower 
14
C values (Figure 
9.6), indicating that dead carbon enters the dissolved state as methanogenesis 
proceeds. If the extent of methanogenesis had followed a flow path, or spatial 
relationship, then it may have been possible to correct for 
14
C ages using a 
geochemical model (e.g. Aravena et al. 1995); however, here geochemical modelling 
is complicated by the compositional variability of ions within the coal seams (see 
Chapter 6), including changes in Cl over small distances, and discontinuous coal 
seams.  
Furthermore, it is not clear if the absence of CH4 in the underlying coal measures is 
due to more recent events that consumed CH4. For example, the coal measure sample 
with the highest Cl also had relatively high SO4 (212 mg/L) (Figure 9.6b). Due to 
inhibition of methanogenesis by SO4-reducers (Cord-Ruwisch et al. 1988; Conrad 
1999), CH4 does not occur at this site, despite coal occurring in this area of the coal 
measures. Relatively high SO4 is not expected in the coal measures because some 
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coal samples were found to contain small traces of pyrite indicating SO4 reduction. A 
recent influx of high SO4 groundwater, e.g. during faulting or aquifer leakage, could 
have allowed high-SO4 water to enter this part of the aquifer. If methanogenesis was 
active prior to this event, then any residual CH4 may have been consumed via 
anaerobic oxidation of CH4, and a recent influx of water may explain the relatively 
low 
14
C at this site. Another site in the underlying coal measures nearby had 
comparable SO4 concentrations (121 mg/L) (see (i) in Figure 9.6b) but with much 
lower 
14
C values. The consumption of CH4 at this site may have also occurred after 
the influx of higher-SO4 groundwater, but the 
14
C values at this site remain 
comparable to high-CH4 coal measure samples. Variability in the rate of 
methanogenesis, prior to any recent additions of SO4, may explain the contrasts in 
14
C at these neighbouring sites, but there is no way of knowing the extent to which 
methanogenesis has affected the 
14
C for these wells, or the variability of 
14
C in the 
underlying coal measures more broadly. The proximity of the higher-SO4 coal 
measure groundwaters to each other, and their variability in 
14
C values also 
demonstrates the challenge in describing a 
14
C end member for the underlying coal 
measure aquifer.  
Another example of the ambiguity of 
14
C in this study area is shown by the 
variability in the 
14
C values for transition zone samples. The CH4-bearing transition 
zone sample (Figure 9.6b) is screened in the alluvium (above the coal measures) in 
an area where fragments of coal occur, while the transition zone sample which does 
not contain CH4 is screened in the upper layers of the coal measures (~7 m below the 
alluvial basement). A logical expectation would be that the deeper site in the coal 
measures would have lower 
14
C values than the sample from the alluvium, but this is 
not the case. More enriched δ18O at this site, compared to the underlying alluvium, in 
combination with stable isotopes of δ13C-CH4, δ
2
H-CH4 and associated isotope 
fractionation factors indicate that the CH4 at this site is most likely derived from 
insitu processes in the alluvium. The degradation of coal fragments in the alluvium 
via methanogenic activity may result in the lower 
14
C at this site.   
Given that coal fragments can occur throughout the alluvium (Huxley 1982) it is 
possible that the amount of dead carbon in the dissolved pool may also have been 
affected by methanogenesis at other sites. As a result, without more detailed 
assessment and complex description of the carbon cycling within and between these 
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aquifers, the interpretation of 
14
C results is likely to result in ambiguous 
interpretations when attempting to understand interactions between the alluvium and 
coal measures. 
9.4.6 Distinguishing between alluvial, basalt and coal measure aquifers using Li  
Despite Cl/Br ratios being similar between alluvial, basalt and coal measures aquifers 
if we combine the three conservative tracers, Li, Br and Cl, it is possible to delineate 
the three main aquifers in this study (Figure 9.7a). Here we use Li/Cl as the ratio, and 
Br, the more conservative halide, as the indicator of salinity. The trend between Li/Cl 
and Br occurs for alluvial samples because Br and Cl are positively related, but the 
Li concentrations of the alluvium are relatively consistent (typically ~0.001 mg/L or 
less, but the range = 0.00031 mg/L to 0.025 mg/L) (Figure 9.7b). This compares with 
coal measure samples that are distinguished by relatively higher Li concentrations 
(0.007 to 0.04 mg/L) that are generally positively related to Cl (Figure 9.7c).  
Silicate weathering is a typical source of Li in groundwater and surface water (Hem 
1985; Kısakűrek et al. 2005). Li concentrations in low salinity groundwater in the 
environment are not well reported but Li concentrations in the alluvium are 
comparable to existing data for low salinity (non-brine) environments: examples 
include up to 0.25 mg/L San Luis Potosí drainage basin in Mexico (Carrillo-Rivera et 
al. 2002), ~ 0.05 mg/L in Californian streams (Bradford 1963); 0.003 mg/L to 0.2 
mg/L in arid aquifers in south eastern Australia (Meredith et al. 2013); 0.0006 mg/L 
to 0.253 mg/L in a sandy aquifer in south western France (Négrel et al. 2012); and 
0.0003 mg/L to 0.008 mg/L in the Mackenzie Basin in Canada (Millot et al. 2010).  
The contrast between the alluvial and coal measure Li concentrations must be related 
to the nature of the depositional material between these aquifers, including different 
rates of silicate weathering and the presence of clays and coals in the coal measure 
aquifer (Hem 1985; Kısakűrek et al. 2005; Seredin et al. 2013; Qin et al. 2015). 
Highly weathered alluvial materials in the alluvium appear to be leached of 
significant Li ions, and the typically low Li concentrations for alluvial groundwater 
also implies low-salinity recharge sources, such as floods, rainwater or river leakage. 
In a small number of cases, relatively high Li concentrations, compared to other 
alluvial groundwater samples, were observed for a small number of alluvial samples 
(Figure 9.7b). These were all found to occur in shallow (<30 m) wells of the 
alluvium where clays and silts are prominent: indicating that a major source of Li in 
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the alluvium is the clay lenses that are possibly derived from basalt sheetwash and/or 
weathered bedrock material.  
Note that the two deep brackish alluvial wells (previously shown in Figures 7.4 – 6) 
have Li/Cl concentrations that are much lower than the coal measures: assuming 
conservative behaviour of Li, these two brackish alluvial samples can be regarded as 
not being related to the groundwater in the underlying coal measures (Figure 9.6a). 
These alluvial samples occur in clayey zones of the alluvium, and are likely to have 
lower permeability, which may account for their relatively high Cl concentrations 
when compared to other deep alluvial groundwater. While these samples are 
brackish, shallower wells can be much higher in Cl and a vertical diffusion of Cl, 
induced by higher clay content in these parts of the alluvium, could also explain the 
depleted δ37Cl (Figure 9.6b(i)) at these sites. Further sampling of δ37Cl at vertical 
depth profiles at these discrete locations would allow this theory to be investigated 
further.  
The contrast in Li/Cl ratios between the two transition zone samples provides 
valuable insight into origins of solutes in these two wells. Previously, distinguishing 
between the alluvial base (the transition zone) and the upper zone of the underlying 
coal measures has proved difficult (QWC 2012), but here Li concentrations 
demonstrate an effective means of making hydrochemical distinctions.  
One transition zone sample with high Li/Cl ratio occurs at a nested site near Cecil 
Plains. The well is screened in the weathered upper layer of the coal measures, 
approximately 7 m from the base of the alluvium, and the high Li/Cl ratios for this 
sample are caused by relatively high Li concentrations (Figure 9.7a). The underlying 
wells in the coal measures, have lower Li/Cl ratios and the higher Li concentrations 
in the transition zone samples can be attributed to the weathering of clays in the 
upper layer of the coal measures. The alluvial sample at this site has the highest Li/Cl 
ratio of all alluvial groundwater, which is caused by very low Cl concentrations. The 
low salinity, low Cl/Br ratios and the depleted δ37Cl at this site suggest rapid 
recharge of either meteoric or river water. Water levels between the alluvium and 
underlying coal measures at this nested site indicate a ~35 m head difference 
between the deepest coal measure well and the alluvium, with a pressure gradient 
favouring water fluxes from the underlying coal measures to the alluvium. However, 
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the distinctions in Li/Cl ratios indicate that there is limited solute transport from the 
coal measures to the alluvium.  
The other transition zone sample with the low Li/Cl ratio is from a government 
monitoring well (42231193) and is screened ~104-110m, near Cecil Plains. The 
lithology of the alluvium at these depths includes mixtures of clays and sands, as 
well as some coal fragments in the deepest zone. The presence of coal indicates that 
this well is screened in an area where the alluvium has incised the underlying coal 
measures. Assuming that the pressure gradient in this area is similar to that observed 
at the nested site at Cecil Plains, the low Li/Cl ratios do not indicate significant 
mixing between coal measure and alluvial groundwater at this site. This further 
supports the findings in Chapter 6 that the CH4 at this site is not related to the 
upwelling of groundwater from the coal measures.  
 
Figure 9.7 a) Molar Li/Cl ratios versus Br meq/L; b) Molar Li/Cl ratios versus Li meq/L; c) Li meq/L 
versus Cl meq/L; d) comparison of two isometric log ratios: ilr_1 is derived from the partition of Li 
and Cl in a sequential binary partition, and ilr_2 is derived from the partition of Br and all other 
measured ions (Na, K, Ca, Mg, Cl, HCO3, SO4, SiO2, Li, B, Sr and NH3). Given conservative 
properties of Br, ilr_2 is a log-ratio proxy for salinity. The dashed vertical line in d) represents the 
Li/Cl ratio derived for coal measures derived from the regression line c). Note for both halides and Li, 
the atomic charge = 1: therefore, meq/L = mmol/L. 
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9.4.7 Identifying potential mixing using Li, Br and Cl  
A linear model of the positive relationship between Li and Cl in the coal measures 
(Figure 9.7c) has good agreement with Li and Cl data from more saline CSG 
groundwater taken from deeper parts of the coal measures (after removing one 
outlier). Li concentrations in these production water data range from 0.061 mg/L to 
0.22 mg/L, which is comparable to coal seam gas production water from the Powder 
River Basin (Rice et al. 2000). This positive linear relationship between Li and Cl is 
unique to the coal measures and it indicates a weathering process associated with an 
increase in salinity.  
The Li/Cl versus Br plot can be improved using two isometric log ratios: this 
approach removes potential spurious correlation caused by scaling, and allows the 
relative proportion of ions to be compared, even when the concentrations of different 
parts are relatively small compared to other parts (Egozcue et al. 2003; Egozcue et al. 
2005). The isometric log ratio (ilr) uses a sequential binary partition (Table 9.1) to 
describe orthonormal bases to which correspond  D-1 Cartesian coordinates (ilr-
coordinates): these orthonormal coordinates, called balances, are orthogonal 
(Egozcue et al. 2003). 
Table 9.1 Sequential binary partition of a three-part composition (x1, x2…….x4) deriving three 
orthonormal coordinates (z1, z2 and z3) for ilr calculation. 
Balance 
Partition of parts 
x1 x2 x3 x4 
z1 1 1 -1 -1 
z2 1 -1   
Z3   -1 1 
 
Each partition divides the composition into separate parts (𝑥𝑖  and 𝑥𝑗). After the 
sequential binary partition is described, the i-th ilr balance is computed using  
(9.2) zi = √
𝑟𝑖𝑠𝑖
𝑟𝑖 + 𝑠𝑖
 ln 
(∏ 𝑥𝑗+ )
1
𝑟𝑖
(∏ 𝑥𝑗− )
1
𝑠𝑖
  ,        
where 𝑟𝑖 and 𝑠𝑖 are the number of parts coded in the sequential binary partition as +1 
and -1, respectively (Egozcue et al. 2003).  
Using the three conservative ions, Br, Li and Cl, we then re-build Figure 9.7a using 
two synonymous isometric log ratios (Figure 9.7d). The first log ratio coordinate 
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(ilr_1) is derived from the partition of Li and Cl in a sequential binary partition: this 
is synonymous with the Li/Cl ratio. The second log ratio coordinate (ilr_2) is a proxy 
for salinity; it partitions Br (the other conservative ion) with all other ions measured 
in the data set (Na, K, Ca, Mg, Cl, HCO3, SO4, SiO2, Li, B, Sr and NH3).  
Higher ilr_2 log ratios indicate higher salinity. The dashed line in Figure 9.7d is 
derived from the linear equation pertaining to the positive relationship between Li 
and Cl. The approach removes the problem of variable Cl/Br ratios in the coal 
measures and allows the relative proportion of ions in the sample simplex to be 
assessed. For coal measure samples, deviations from the ilr_1 dashed line represent 
deviations from linear model presented in Figure 9.7c, see (i), (ii) and (iii). Samples 
to the right of the line indicate higher Li/Cl ratio (either an enrichment of Li or low 
Cl).  Samples to the left of the line indicate high Cl but comparatively low Li 
concentrations. Considering the general positive relationship between Li and Cl in 
the coal measures, deviations to the left of the line may represent mixing with 
groundwater that has low Li concentrations.  
Basalt aquifers have intermediate Li/Cl concentrations when compared to alluvium 
and coal measure samples (Figures 9.7a and d), suggesting basalt groundwater may 
influence hydrochemistry in both aquifers. One coal measure sample (P3) that plots 
to the left of the Li/Cl ratio line in Figure 9.7d underlies basalt sheetwash on the 
north-eastern flank of the alluvium between Cecil Plains and Dalby (see Figure 9.7a 
and (i) in Figure 9.7d). The comparable Li/Cl ratio and salinity (ilr_1 and ilr_2) 
between this sample and basalt samples is indicative of basalt discharge into this area 
of the coal seams.  
The two other samples that plot to the left of the Li/Cl ratio (ilr_1) line in Figure 9.7d 
occur underlying the alluvium, downstream near Macalister (P2 and P4) (see (iii) and 
(ii), respectively in Figure 9.7d). Considering that the Li and Cl ions in the coal 
measures enrich simultaneously and that Li concentrations in the alluvium are 
consistently low, unusually low Li/Cl ratios in the coal measures may also be 
indicative of the downward flux of solutes from the overlying alluvium. Moreover, 
hydrochemical and isotopic evidence of this downward movement of water was not 
observed, with the majority of shallow coal measure samples having a consistent 
Li/Cl ratio. Lower Li/Cl ratios may indicate discrete mixing, or possibly leakage 
along well casings.  
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One of these samples includes the high-Cl and high-SO4 sample from the coal 
measures: it appears as an outlier in Figure 9.7c (P2). This well, is screened at ~92-
100 m, but the coal measure subcrop is relatively shallow (~50 m). The groundwater 
from this well is unusual in that the salinity is high (Cl = 4560 mg/L), but the Li 
concentrations, relative to other coal measure samples with comparative Cl 
concentrations, is considerably lower (Figure 9.7c). Another shallow coal measure 
well nearby (P5) did not show comparable Li/Cl ratios, despite having similar SO4 
concentrations (see section 5.2.4), suggesting that the hydrochemistry of the more 
saline well may be the result of localised influences.  
This more saline well is close to the Condamine River and the underlying coal 
measures may have had a surficial influence during an earlier period. For example, 
under scenarios where the Condamine River historically ran a different course, or 
where anastomosis in the river system was prominent, the surface drainage system 
may have directly overlain this area of the coal measures. Similarly, a palaeo 
tributary may have also occurred in this area. During low flow periods, or after the 
river course was redirected ponded water may have concentrated via evaporation 
and/or transpiration, subsequently leading to high Cl, yet low Li, concentrations in 
this area of the shallow coal measures. The high SO4 concentrations (~212 mg/L) for 
the sample taken at this well, and the occurrence of gravels and creek wash at a 
discrete zone of ~35 m at this site add some support to this theory.  
Alternatively, it is also plausible that this well is leaking, due to degradation with 
age, resulting in the downward migration of brackish water from the alluvium at a 
discrete location, or pumping resulting in extraction from both alluvial and coal 
measure aquifers. The landholder has indicated this coal measure well has been 
consistently brackish over time, which suggests the well may not have been 
constructed properly or quickly degraded due to rust. Relatively high pmc for this 
well (~26pmc) also suggest mixing of younger and alluvial and older coal measure 
groundwater. A nearby shallow alluvial well (GM0179, ~32 m) also has high Cl and 
SO4 concentrations (8760 mg/L and 394 mg/L, respectively), as well as relatively 
low pmc (<2 pmc) (see (i) in Figure 9.6b). Using the binary mixing model (Eberts et 
al. 2013) 
(9.2) x1 = (WCMP2 – alluviumGM0179) / (WCMP5 – alluviumGM0179) x 100, 
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where x1 is the proportion of coal measure groundwater in well P2, and P5 is nearby 
shallow coal measure end member, the proportion of alluvial groundwater in well P2 
is estimated to be ~6% when the Li concentration is used in the binary mixing model, 
but as high as 40% when the Li/Cl ratio is used. Given that Li and Cl show a positive 
relationship, the result of the Li/Cl ratio binary mixing model (40%) could be 
expected to be a better representation of the mixing, and this could explain the 
relatively high Cl and low Li at this well.  
 If the same mixing model is applied to another the coal measure outlier, P4, 
and the alluvial end member is derived from the proximal well IND4 the proportion 
of alluvial water in this well is ~12% when Li concentration is used, but the mixing 
model does not suggest mixing when the Li/Cl ratio is used (proportion of alluvial 
groundwater in well < 0%). Compared to well P2, well P4 has a much lower Li and 
Cl concentrations, and it is also in an area where lithological differentiation between 
the coal measures and overlying Kumbarilla Beds is difficult. In addition to a leaky 
well scenario, the Li/Cl ratios of well P4 could also be due to different Li and Cl 
concentrations in the Kumbarilla Beds. There is insufficient data for the Kumbarilla 
Beds, and insufficient wells to obtain more data, to explore this further.  
Overall, there is no way of decisively resolving these hydrochemical anomalies 
associated with these wells with the current data set presented in this thesis, although 
given the age of the wells (>25 years) some well degredation would not be 
surprising, particularly at P2. Generally low Li concentrations in the alluvium 
suggest significant solute transport from the coal measures to the alluvium is not 
occurring, although at the interface of the aquifers in some areas a mixing scenario 
may occur, particularly in discrete zones. However, we must ask if this represents 
aquifer connectivity or if it is simply an interface phenomenon. If the transition zone 
between the alluvium and coal measures acts as an aquitard then the mixing of 
solutes at the interface may be neglible, but if the transition zone is absent or 
compromised then a greater degree of solute mixing may occur. This would 
ultimately depend on a range of factors that would vary spatially, including the 
thickness and lithology of the transition zone, hydraulic gradients and pumping rates. 
In the absence of this data, Li can be useful for indentifying possible discrete mixing 
zones, and the simply methods outlined in Figure 9.7 provide the means of doing 
this.  Results presented here indicate that at the sites sampled in this study, there is 
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significant dilution of Li concentrations indicating low connectivity/discharge from 
coal measures, and the majority of alluvial groundwater being derived from low-Li 
sources, such as meteoric and/or river sources. This contrasts with previous 
theoretical estimates of discharge based on hydraulica gradients from the coal 
measures to the alluvium of between 35ML/y to 3650ML/y as proposed in other 
studies (Huxley 1982; Coffey Environments Australia 2012); certainly the upper 
range of this discharge rate does not seem likely from the Li results. Additional Li 
data from additional alluvial wells, as well as future monitoring at more discrete 
locations and at smaller scales to combine hydraulic, lithological and Li data, would 
improve our understanding of aquifer interactions in this catchment.  
The application of δ7Li to determine weathering pathways and potential solute 
migration  
Using δ7Li, here we explore the potential aquifer interaction implied from Figure 9.7, 
and also highlight some differences between Li weathering for selected alluvial 
groundwater samples (Figure 9.8). Within the observed range, δ7Li showed 
considerable variability within aquifers. A deep alluvial sample from an area close to 
the river had δ7Li of 4.4‰, while shallower wells (~20 m) in areas where clays 
occurs the δ7Li were ~17‰. Higher δ7Li in these shallower areas are consistent with 
clays and suggest a higher degree of weathering and/or residence times.  
Basalt groundwater was typically more enriched in δ7Li which is typical of 
weathering basalts (Huh et al. 2004). One coal measure sample with high δ7Li plots 
to the left of the Li/Cl ratio line in Figure 9.7d (shown again as (i) in Figure 9.8). As 
previously stated, this sample occurs under basalt sheetwash, and the enriched δ7Li 
support the notion that this area of the coal measures receives basalt-derived 
discharge. Another δ7Li enriched coal measure sample occurs in the ranges, in a coal 
measure outcrop, the overlying soils are likely of basaltic origin. The lowest salinity 
coal measure sample has the most depleted δ7Li in the data set (2.4‰). This sample 
also contained a very small amount of 
3
H (0.925 TU) (shown as (z) on Figures 9.4 – 
9.7. This well occurs adjacent to the alluvium at the base of the basalt ranges, under a 
highly vesicular basalt outcrop; the relatively depleted δ7Li and detectable 3H for this 
well indicate rapid recharge in this area of the coal measures.  
Remaining coal measure samples have δ7Li comparable to other unconventional 
production waters (Warner et al. 2014), albeit with lower Li/Cl ratios. The transition 
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zone sample, taken from the upper coal measures at Cecil Plains (~7 m) below the 
alluvial basement has similar δ7Li values to other coal measure samples, confirming 
limited solute transfer between the alluvium and coal measures at this site (recall that 
the overlying alluvial sample at this site had Li below DL). The CSG production 
water show similar δ7Li to the shallower coal measures. A coal measure well that 
plots to the left of the Li/Cl ratio line in Figure 9.7d, is also marked as (ii) in Figure 
9.8. The δ7Li values for this sample are at the lower end of the range for other coal 
measure samples and do not suggest an obvious influence of groundwater from the 
alluvium; however, more data is needed in the local area to better constrain alluvial 
end member. Very low Li concentrations in the alluvium make this a challenging 
task.  
 
 
Figure 9.8 Li/Cl (molar) ratios versus δ7Li for selected alluvial, basalt and coal measure aquifers. 
Three samples from the coal seam gas production water are shown for reference (CSG production 
water): these pertain to deeper zones of the coal measures (200 – 500 m). Samples labelled as Walloon 
Coal Measures pertain to shallower zones of the coal measures (<200 m). (i) and (ii) are as per Figure 
9.7d. The dashed boundaries for conventional and unconventional production water are as per Warner 
et al. (2014). 
9.5 CONCLUSIONS 
Understanding aquifer connectivity is an important and pertinent issue pertaining to 
the management of coal seam gas extraction. This study used a range of conservative 
ions (Cl, Br and Li) in combination with δ2H-H2O and δ
18
O-H2O, δ
37
Cl, δ7Li, 14C, 
and 
3
H to understand potential solute transfer within and between an agriculturally 
important alluvial aquifer and underlying coal measures in the Condamine River 
catchment, eastern Australia. The δ2H-H2O and δ
18
O-H2O, δ
37
Cl, 
14
C, and 
3
H as well 
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as Cl/Br ratios are often employed in aquifer connectivity studies and have been 
proposed as potential tools in coal-seam-gas-related studies. The use of Li 
concentrations and δ7Li to understand interactions with coal seams, however, is not 
well documented. The approach allows an assessment of aquifer interaction in the 
study area to be made, as well as critique of conventional and emerging conservative 
ion and isotopic tracers in coal-seam-gas-related studies to be performed.  
Moreover, consistent d-excess values with increasing Cl and variable Cl/Br ratios 
indicate the dominant controls on salinity in both alluvial and coal measures aquifers 
are likely to be wetting and drying and the associated precipitation and dissolution of 
salts, as well as transpiration. Conclusive evidence of significant halite dissolution 
from external sources (e.g. salt accessions or aeolian-derived salts) was not observed. 
Measurements of 
14
C provided ambiguous results due to the effect of 
methanogenesis, and potentially the dissolution of carbonates, in both the coal 
measures and the alluvium.   
While discrete spikes in Cl in deep areas of the alluvium have previously been 
thought to be associated with the influx of groundwater from the underlying coal 
measures, δ37Cl results do not show evidence of significant solute (Cl) migration 
between the alluvium and coal measures in either direction, either via diffusion or 
possible ion filtration through the clayey transition zone. However, spatial variability 
in δ37Cl, and the lack of δ37Cl fractionation during advection, prevented conclusive 
assessment of aquifer interaction from being made. This was overcome using the 
conservative Li ion.  
Using Li/Cl ratios in combination with Br concentrations, a clear delineation 
between alluvial and coal measures aquifers could be made.  Li/Cl molar ratios in the 
alluvium were typically low, ranging from 5.49e-07 to 1.43e-04, while Li/Cl ratios in 
the adjacent coal measure aquifers were much higher, 7.36e-05 to 1.39e-03, owing to 
higher Li concentrations in the coal measures. The Li/Cl for alluvial samples remains 
low even at higher salinities because the Li concentrations of the alluvium are 
consistently low (typically ~0.001 mg/L or less). This compares with coal measure 
samples that are distinguished by high and variable Li concentrations (0.007 mg/L to 
0.04 mg/L) that are generally positively related to Cl. Combining Li concentration 
results with the stable isotopes of Li (δ7Li), we found no evidence of mass solute 
transfer from the Walloon Coal Measures to the overlying Condamine River 
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alluvium. A number of anomalies (high Cl and low Li concentrations) were observed 
at discrete locations in the coal measures: these suggest basalt-derived discharge, or 
the potential downward flux of groundwater from the alluvium or leaking well 
casings. Further research is needed to confirm the latter. 
The advantage of Li as a conservative ion is that, unlike Cl and Br, dissolved Li 
concentrations depend on insitu weathering and the aquifer’s lithology: this means 
that two similar sources of water in two different aquifers that have similar Cl/Br 
ratios, can be distinguished by the Li composition. Li and δ7Li show particular 
promise as an aquifer connectivity indicator in coal seam gas studies because the Li 
ion and its stable isotopes are not affected by pH, changes in redox conditions or by 
biological processes (e.g. methanogenesis) and because coal can be a typical source 
of Li ions. 
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SUPPORTING INFORMATION 
This supporting information provides the raw data used in Chapter 9, including: 
Tables 9.2 physico-chemical data; 9.3 major and minor ion data; 9.4 trace element 
data; and 9.5 isotope data 
Table 9.2 Physico-chemical data for wells used in Chapter 9.  
sample ID 
Screen 
depth Aquifer WL pH Temperature 
  (m)       oC 
P1 100.9 coal measures   7.84 21.10 
P2 100.6 coal measures   6.71 22.70 
P3 35.4 alluvium   7.68 21.10 
P4 82.9 coal measures 16.36 7.46 22.80 
P5 57.9 coal measures   7.70 22.40 
GM1073 18.3 alluvium 12.95 7.09 21.80 
GM1193 110 transition zone 27.79 7.17 21.10 
GM0119 19.5 alluvium 16.09 7.14 19.93 
GM1280 27.8 alluvium 18.77 6.70 21.90 
GM1688 36.75 alluvium 16.67 6.79 23.10 
GM0179 18 alluvium 10.62 6.48 18.00 
GM1692 40 alluvium 15.87 6.95 21.20 
P6 109 alluvium   7.37 24.60 
GM1074 28.9 alluvium 20.11 6.64 21.70 
GM1390 140 coal measures 22.11 7.98 20.30 
P7 60.4 coal measures   6.84 22.10 
P8 60 coal measures 7.31 7.19 22.80 
P9 154 coal measures   8.28 22.50 
GM1076 27.7 alluvium 20.47 7.30 20.50 
P10 28 alluvium 16.33 6.53 22.50 
P28 36.2 basalt   7.18 24.20 
P12 47 coal measures   6.78 23.10 
P13  48 coal measures   7.05 24.60 
GM1668 39 basalt 20.65 7.16 20.60 
GM1669  ~100 basalt 31.74 7.60 18.50 
P25 42.3 basalt 15.24 7.36 22.10 
P16 89.9 coal measures   8.25 23.30 
GM1455 55 basalt 12.41 7.24 27.20 
GM0957 26.4 basalt   7.24 29.90 
P22 86.9 basalt   7.03 21.20 
GM1464 79 alluvium 52.98 7.10 19.70 
P18 89 alluvium   7.47 24.00 
GM1397 24 alluvium 9.93 7.30 24.40 
GM1398 24 alluvium 12.75 7.30 23.50 
GM1383 31 alluvium 14.38 7.17 21.80 
GM0057 56.7 alluvium 34.66 7.04 20.30 
GM1173 54.9 alluvium 22.61 7.62 23.10 
P19 185.9 coal measures   8.11 28.00 
GM1338 41.2 alluvium 11.31 7.28 21.90 
GM1462 65.5 alluvium 55.15 7.02 22.80 
GM1169 23.5 alluvium 14.42 6.97 25.90 
IND1 135 coal measures 29.82 8.55 27.90 
IND2 84.9 transition zone 58.28 7.42 23.70 
IND3 95.5 coal measures 36.06 7.22 32.40 
P20 76.8 alluvium 64.39 7.03 22.60 
IND4 35 alluvium 13.65 6.80 22.40 
SWDSR1 1 river   8.51 23.90 
SWCP1 1 river   7.36 24.40 
SWDRS2 1 river   7.41 13.10 
SWCP2 1 river   8.54 13.70 
RTDSR1 0.2 rain       
RWMV1 0.2 rain   5.30 21.45 
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Table 9.3 Major and minor ion data for wells used in Chapter 9.  
sample ID 
Screen 
depth Aquifer HCO3 SO4    Cl Ca Mg Na K 
  (m)   meq/L meq/L meq/L meq/L meq/L meq/L meq/L 
P1 100.9 coal measures 5.40 0.02 15.24 1.20 1.15 18.91 0.05 
P2 100.6 coal measures 5.36 4.42 131.83 26.50 34.72 74.35 0.23 
P3 35.4 alluvium 7.24 0.23 5.92 1.05 1.48 11.04 0.03 
P4 82.9 coal measures 4.74 0.01 22.90 3.04 3.46 22.26 0.10 
P5 57.9 coal measures 7.18 3.15 40.85 2.25 2.80 50.43 0.15 
GM1073 18.3 alluvium 4.74 0.23 2.37 0.50 0.58 6.48 0.05 
GM1193 110 transition zone 5.96 0.92 16.25 1.55 3.29 18.30 0.10 
GM0119 19.5 alluvium 6.32 0.21 3.35 1.30 1.32 7.61 0.01 
GM1280 27.8 alluvium 4.58 0.06 2.20 1.25 1.15 4.61 0.01 
GM1688 36.75 alluvium 8.08 2.69 43.38 11.23 7.90 37.74 0.05 
GM0179 18 alluvium 6.70 8.21 246.76 50.40 75.11 129.57 0.10 
GM1692 40 alluvium 6.66 7.85 48.45 14.87 20.07 33.48 0.10 
P6 109 alluvium 5.96 3.10 38.03 4.09 8.31 39.43 0.15 
GM1074 28.9 alluvium 10.60 8.31 147.32 16.17 39.65 95.65 0.13 
GM1390 140 coal measures 17.72 0.02 15.15 0.25 0.33 31.78 0.08 
P7 60.4 coal measures 8.16 10.17 48.73 12.43 11.85 46.52 0.20 
P8 60 coal measures 4.84 0.04 11.75 5.94 7.32 6.22 0.03 
P9 154 coal measures 4.48 1.04 12.23 0.80 0.16 17.52 0.08 
GM1076 27.7 alluvium 7.70 1.40 12.51 1.50 2.30 18.83 0.10 
P10 28 alluvium 6.20 3.44 45.92 8.23 13.57 38.83 0.10 
P28 36.2 basalt 9.82 1.67 11.07 5.44 8.56 8.65 0.28 
P12 47 coal measures 6.32 0.06 2.51 3.29 4.20 3.13 0.13 
P13 48  coal measures 7.50 1.19 8.06 4.14 4.94 7.91 0.20 
GM1668 39 basalt 13.80 1.10 6.56 3.79 15.63 3.09 0.05 
GM1669 ~100  basalt 4.44 1.69 6.23 3.69 3.62 5.35 0.08 
P25 42.3 basalt 5.14 2.00 21.52 7.49 5.68 14.43 0.15 
P16 89.9 coal measures 4.18 0.04 2.31 0.75 0.41 6.00 0.05 
GM1455 55 basalt 7.40 0.25 5.44 4.99 3.54 5.48 0.10 
GM0957 26.4 basalt 6.40 0.25 9.13 5.34 8.31 2.61 0.05 
P22 86.9 basalt 8.32 0.13 26.96 9.73 16.62 12.57 0.05 
GM1464 79 alluvium 5.82 0.10 2.17 2.30 2.39 4.09 0.05 
P18 89 alluvium 7.88 3.73 30.99 4.94 9.46 29.57 0.18 
GM1397 24 alluvium 7.72 0.21 11.41 2.99 5.27 12.26 0.05 
GM1398 24 alluvium 6.28 0.23 18.00 3.54 4.52 16.91 0.05 
GM1383 31 alluvium 7.22 0.46 25.55 6.79 12.01 14.70 0.08 
GM0057 56.7 alluvium 5.44 0.04 4.68 3.59 2.63 3.78 0.05 
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sample ID 
Screen 
depth Aquifer HCO3 SO4    Cl Ca Mg Na K 
  (m)   meq/L meq/L meq/L meq/L meq/L meq/L meq/L 
GM1173 54.9 alluvium 5.28 0.48 4.79 0.60 1.07 9.04 0.03 
P19 185.9 coal measures 6.18 1.00 23.46 0.90 0.66 31.61 0.10 
GM1338 41.2 alluvium 6.78 20.58 100.28 7.39 28.05 87.39 0.10 
GM1462 65.5 alluvium 6.04 0.13 1.46 1.90 2.06 3.48 0.05 
GM1169 23.5 alluvium 5.72 0.08 2.62 1.85 2.06 4.30 0.03 
IND1 135 coal measures 8.14 0.17 4.56 0.60 0.25 13.30 0.18 
IND2 84.9 transition zone 6.34 2.83 4.17 1.85 1.73 10.61 0.31 
IND3 95.5 coal measures 4.18 0.25 7.30 2.54 1.97 6.74 0.26 
P20 76.8 alluvium 6.04 0.21 0.99 1.95 2.22 3.13 0.05 
IND4 35 alluvium 5.52 2.92 168.73 52.89 33.90 72.61 0.23 
SWDSR1 1 river 2.84 3.77 81.41 17.56 25.42 46.09 0.20 
SWCP1 1 river 2.84 0.04 3.27 1.95 2.06 2.22 0.15 
SWDRS2 1 river 2.14 0.73 15.72 4.39 4.94 7.57 0.10 
SWCP2 1 river 2.20 0.19 0.62 1.00 0.82 1.00 0.10 
RTDSR1 0.2 rain 0.20 0.01 0.03 0.01 0.01 0.00 0.02 
RWMV1 0.2 rain 0.46 0.00 0.06 0.03 0.01 0.01 0.00 
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Table 9.4 Trace element data for wells used in Chapter 9.  
sample ID 
Screen 
depth Aquifer Li Sr B F NH3 Br SiO2 
  (m)   meq/L meq/L meq/L meq/L meq/L meq/L mmol/L 
P1 100.9 coal measures 0.00360 0.01438 0.04717 0.01580 0.01532 0.02128 0.28303 
P2 100.6 coal measures 0.01138 0.36065 0.04440 0.01580 0.04129 0.18773 0.38958 
P3 35.4 alluvium 0.00014 0.01312 0.03052 0.05266 0.00066 0.00751 0.96396 
P4 82.9 coal measures 0.00331 0.04040 0.01665 0.01053 0.01865 0.03504 0.42288 
P5 57.9 coal measures 0.01210 0.07761 0.05550 0.02633 0.04196 0.07384 0.23641 
GM1073 18.3 alluvium 0.00009 0.00436 0.01215 0.01053 0.01865 0.00338 0.72255 
GM1193 110 transition zone 0.00014 0.02808 0.02220 0.01580 0.00065 0.02628 0.65762 
GM0119 19.5 alluvium 0.00009 0.00778 0.00854 0.00527 0.00133 0.00513 0.82744 
GM1280 27.8 alluvium 0.00014 0.00975 0.00237 0.00472 0.01532 0.00350 0.82078 
GM1688 36.75 alluvium 0.00013 0.06323 0.00346 0.00437 0.00599 0.06633 0.83410 
GM0179 18 alluvium 0.00014 0.73727 0.00316 0.00425 0.00733 0.37545 0.66095 
GM1692 40 alluvium 0.00014 0.15453 0.01387 0.00412 0.00466 0.08886 0.65263 
P6 109 alluvium 0.00014 0.07213 0.05272 0.02106 0.00065 0.07759 0.56439 
GM1074 28.9 alluvium 0.00072 0.39717 0.05272 0.00527 0.00067 0.20024 0.65929 
GM1390 140 coal measures 0.00533 0.02221 0.11100 0.11585 0.04063 0.00125 0.24640 
P7 60.4 coal measures 0.01037 0.28989 0.04162 0.00523 0.01998 0.06508 0.31632 
P8 60 coal measures 0.00086 0.03812 0.01665 0.03686 0.00200 0.01877 0.79580 
P9 154 coal measures 0.00245 0.02328 0.01117 0.00057 0.03596 0.01502 0.21643 
GM1076 27.7 alluvium 0.00014 0.02136 0.04717 0.03160 0.00065 0.01877 0.62765 
P10 28 alluvium 0.00043 0.07601 0.02497 0.01053 0.00599 0.07008 1.00558 
P28 36.2 basalt 0.00130 0.03858 0.01385 0.02633 0.00333 0.01502 0.55440 
P12 47 coal measures 0.00101 0.01477 0.01319 0.04213 0.02797 0.00363 1.28860 
P13 48  coal measures 0.00259 0.02762 0.02220 0.01053 0.00400 0.01064 0.33963 
GM1668 39 basalt 0.00058 0.01246 0.01270 0.08425 0.00333 0.00023 1.10214 
GM1669  ~100 basalt 0.00072 0.02267 0.01353 0.00490 0.01265 0.00826 0.71090 
P25 42.3 basalt 0.00043 0.02079 0.01028 0.00514 0.01132 0.02002 0.76417 
P16 89.9 coal measures 0.00101 0.00979 0.00897 0.01053 0.00333 0.00476 0.23641 
GM1455 55 basalt 0.00029 0.02241 0.01178 0.01053 0.00200 0.01026 0.60934 
GM0957 26.4 basalt 0.00014 0.03013 0.01106 0.01580 0.00200 0.01226 0.62432 
P22 86.9 basalt 0.00043 0.02511 0.01153 0.00460 0.00333 0.02878 0.45617 
GM1464 79 alluvium 0.00004 0.01657 0.01175 0.01053 0.00067 0.00488 0.65929 
P18 89 alluvium 0.00014 0.07875 0.03330 0.02106 0.00067 0.05131 0.48947 
GM1397 24 alluvium 0.00013 0.03355 0.01942 0.01580 0.00067 0.01502 0.75252 
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sample ID 
Screen 
depth Aquifer Li Sr B F NH3 Br SiO2 
  (m)   meq/L meq/L meq/L meq/L meq/L meq/L mmol/L 
GM1398 24 alluvium 0.00029 0.03173 0.01665 0.01580 0.00055 0.02503 0.64097 
GM1383 31 alluvium 0.00014 0.05181 0.02220 0.02106 0.00067 0.03629 0.59269 
GM0057 56.7 alluvium 0.00017 0.02191 0.01284 0.00481 0.00039 0.00876 0.65596 
GM1173 54.9 alluvium 0.00013 0.00872 0.01665 0.00527 0.00042 0.00588 0.54108 
P19 185.9 coal measures 0.00576 0.03401 0.03885 0.02106 0.05728 0.03755 0.23308 
GM1338 41.2 alluvium 0.00058 0.21388 0.11100 0.01053 0.00799 0.13767 0.42288 
GM1462 65.5 alluvium 0.00013 0.01178 0.01100 0.00527 0.00133 0.00288 0.66927 
GM1169 23.5 alluvium 0.00014 0.01666 0.00739 0.01053 0.00200 0.00576 0.70757 
IND1 135 coal measures 0.00634 0.01632 0.06937 0.06319 0.25175 0.00701 0.11704 
IND2 84.9 transition zone 0.00403 0.01899 0.02497 0.01580 0.02065 0.00676 1.06551 
IND3 95.5 coal measures 0.00259 0.02511 0.01387 0.01580 0.10456 0.00638 0.68592 
P20 76.8 alluvium 0.00014 0.02082 0.01018 0.00527 0.00200 0.00238 0.68759 
IND4 35 alluvium 0.00115 0.41543 0.01299 0.00431 0.01598 0.20024 0.74919 
SWDSR1 1 river 0.00029 0.19219 0.01072 0.01053 0.00266 0.12515 0.13935 
SWCP1 1 river 0.00011 0.01002 0.01257 0.01053 0.00266 0.00426 0.15517 
SWDRS2 1 river 0.00007 0.03264 0.00927 0.01053 0.00400 0.02378 0.24307 
SWCP2 1 river 0.00013 0.00415 0.00390 0.01053 0.00466 0.00138 0.17814 
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Table 9.5 Cl and Li data for CSG wells used in Chapter 9.  
sample ID 
Max. screen 
depth Aquifer    Cl Li sample ID 
Max. screen 
depth Aquifer    Cl Li 
  (m)   meq/L meq/L   (m)   meq/L meq/L 
T1 366 CSG production water 44.79 0.01412 K1 310 CSG production water 82.82 0.01974 
T2 489 CSG production water 30.14 0.00908 K2 416 CSG production water 23.10 0.00879 
T3 336 CSG production water 47.32 0.01455 K3 316 CSG production water 74.93 0.01887 
T4 509 CSG production water 31.27 0.00980 K4 286 CSG production water 89.01 0.02031 
T5 348 CSG production water 39.72 0.01412 K5 438 CSG production water 35.49 0.01023 
T6 512 CSG production water 30.14 0.01023 K6 270 CSG production water 88.45 0.02103 
T7 377 CSG production water 50.70 0.01729 K7 422 CSG production water 39.15 0.01009 
D1 230 CSG production water 126.20 0.03170           
D2 346 CSG production water 56.34 0.01714           
D3 368 CSG production water 30.70 0.00951           
D4 467 CSG production water 28.73 0.01037           
D5 293 CSG production water 76.90 0.02046           
D6 518 CSG production water 47.32 0.01397           
D7 278 CSG production water 42.82 0.01441           
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Table 9.6 Isotope data for wells used in Chapter 9.  
sample ID 
Screen 
depth Aquifer δ2H δ18O δ37Cl δ7Li 
3H 14C 
  (m)   ‰ ‰ ‰ ‰ TU pmc 
P1 100.9 coal measures -36.13 -5.51 0.80 10.70   3.18 
P2 100.6 coal measures -29.91 -5.07 0.76   -0.02 26.19 
P3 35.4 alluvium -28.00 -4.55 -0.93       
P4 82.9 coal measures -33.13 -5.27 -0.30 7.00   2.69 
P5 57.9 coal measures -32.69 -5.08 0.92     1.71 
GM1073 18.3 alluvium -38.16 -5.87 0.22 17.00     
GM1193 110 transition zone -24.60 -4.20 0.45     13.10 
GM0119 19.5 alluvium -30.97 -5.02 -1.31 16.80     
GM1280 27.8 alluvium -28.55 -4.32 -0.78       
GM1688 36.75 alluvium -26.33 -4.61 0.47       
GM0179 18 alluvium -22.75 -3.92 1.43   0.01 84.68 
GM1692 40 alluvium -25.11 -3.95 0.69   0.01 30.41 
P6 109 alluvium -26.96 -4.08 -0.47     3.60 
GM1074 28.9 alluvium -26.20 -3.96 0.84   0.01 51.33 
GM1390 140 coal measures -32.23 -5.32 -0.89 10.60 0.01 0.56 
P7 60.4 coal measures -28.21 -5.00 0.70   0.00 11.56 
P8 60 coal measures -27.96 -4.45 0.49 15.10     
P9 154 coal measures -34.21 -6.03 0.16 16.10     
GM1076 27.7 alluvium -26.85 -4.15 -0.72   0.05 38.25 
P10 28 alluvium -24.36 -3.88 0.80       
P28 36.2 basalt -25.04 -3.87 -1.11 10.00     
P12 47 coal measures -23.34 -3.79 -1.10 2.40 0.93 81.46 
P13 48  coal measures -25.04 -4.34 -0.51       
GM1668 39 basalt -25.36 -4.16 -0.74 11.80     
GM1669  ~100 basalt -26.58 -4.03 -1.38 18.50     
P25 42.3 basalt -28.84 -4.93 -1.07       
P16 89.9 coal measures -30.61 -4.95 -0.96 11.20     
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sample ID 
Screen 
depth Aquifer δ2H δ18O δ37Cl δ7Li 
3H 14C 
  (m)   ‰ ‰ ‰ ‰ TU pmc 
GM1455 55 basalt -25.25 -4.06         
GM0957 26.4 basalt -25.81 -4.00 0.24       
P22 86.9 basalt -27.36 -4.77 0.36       
GM1464 79 alluvium -31.55 -5.07 -0.03   -0.01 59.7 
P18 89 alluvium -24.42 -3.74 -0.75   0.01 21.1 
GM1397 24 alluvium -24.94 -3.69 -1.04       
GM1398 24 alluvium -33.51 -5.38 -0.14       
GM1383 31 alluvium -30.15 -4.81 0.73       
GM0057 56.7 alluvium -27.24 -4.52 0.18 4.40 0.01 66.8 
GM1173 54.9 alluvium -27.05 -4.51 0.44       
P19 185.9 coal measures -29.65 -5.22 -0.15   0.01 3.3 
GM1338 41.2 alluvium -23.71 -3.88 1.32   0.22 55.5 
GM1462 65.5 alluvium -33.41 -5.20         
GM1169 23.5 alluvium -27.10 -4.21 0.56       
IND1 135 coal measures -31.31 -4.93 -0.36     2.2 
IND2 84.9 transition zone -30.67 -5.27 -0.09 9.80   28.4 
IND3 95.5 coal measures -29.18 -4.28 -1.11 7.30   7.9 
P20 76.8 alluvium -35.66 -5.47 -0.37   0.00 48.0 
IND4 35 alluvium -27.61 -4.29 0.89     28.8 
SWDSR1 1 river -16.90 -1.41 0.94     76.5 
SWCP1 1 river -4.73 0.87 0.23       
SWDRS2 1 river -39.65 -5.95 0.79       
SWCP2 1 river -27.62 -4.04 -0.38       
RTDSR1 0.2 rain -37.38 -6.71 -2.45       
RWMV1 0.2 rain -22.64 -4.91 -2.46       
T1 366 CSG production water       11.74     
D1 230 CSG production water       8.89     
K1 310 CSG production water       9.94     
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Chapter 10: Overview and discussion 
In this chapter the research findings of each component of the broader study 
are summarised and their contribution to the overall aims of this study are discussed. 
10.1 RESEARCH SUMMARY AND KEY FINDINGS 
In areas where a range of industries and economies rely on the extraction of 
water, either for direct use or associated with utilisation of other resources, aquifer 
connectivity can be a controversial issue and in some cases may lead to resource 
conflict and management challenges (QWC 2012). Historically, the majority of 
groundwater extraction in Australia has been associated with agricultural 
development, particularly from alluvial aquifers (GeoScience Australia 2016a). More 
recently, the expansion of the coal seam gas industry has raised concerns, 
particularly from the agricultural industry, about the risks to aquifers adjacent to gas-
bearing formations because water needs to be removed from the coal seams in order 
to extract the sorbed gas. Although hydraulic information is essential for 
understanding pressure gradients and potential pressure transfer between aquifers, it 
only provides part of the hydrogeological information. As a result, it is critical to also 
understand, mass (solute) transfer within and between aquifers in order to: a) 
describe hydrochemical processes and develop sound conceptual models; and b) to 
identify effective aquifer connectivity indicators that can be used in future studies to 
improve our understanding of inter-aquifer relationships and/or to inform monitoring 
programs.  
The research presented in this thesis focused on the Condamine River 
catchment, south east Queensland, Australia. In this catchment, the alluvial aquifer, 
which is an important agricultural resource, directly overlies or is adjacent to the 
Walloon Coal Measures which contains commercially viable quantities of coal seam 
gas in a shallow (200-500 m) gas reservoir that is currently being extracted. 
Therefore, the primary aims of this study were to:  
1) Establish the hydrochemical characteristics and key processes within and 
between coal seam gas-bearing formations and the adjacent alluvium;  
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2) Determine the effectiveness of a number potential hydrochemical/isotopic 
indicators, specifically: (i) hydrochemical water types; (ii) CH4 and the 
associated carbon and hydrogen isotopes; and (iii) a multi-isotope 
approach.  
These aims were addressed by different components that focussed on specific 
research objectives.  
10.1.1 Hydrochemistry of CSG groundwater (Chapter 4 – paper 1) 
The first component (Chapter 4 – paper 1) describes the hydrochemical 
characteristics of the coal seam gas (CSG) end member. In this paper a number of 
potential processes, such as anion exchange, fluorite precipitation and potential for 
organic-bound chloride release with subsequent carbonate dissolution, were 
evidenced by the relationships between major ions within CSG production water. It 
was shown that the CSG hydrochemical end member is dynamic and the 
characteristic Na-HCO3 water type is likely to continue to evolve in situ; this is 
subsequent to broader processes that lead to Na and HCO3 enrichment such as SO4 
reduction and coal degradation. These results highlight two important points 
regarding this CSG hydrochemical end member that have proven to be  useful in 
aquifer connectivity studies in this area of the Surat/Clarence-Moreton basins:  
1) There are two distinct hydrochemical facies, within the broader Na-HCO3 
CSG water type: one dominated by HCO3 anions and another dominated 
by Cl anions; and  
2) These broad hydrochemical facies correspond to two respective 
distinctions in minor ion components, being: a) elevation of F 
concentrations where HCO3 anions are dominant; and b) the presence of 
small amounts of Ca and Mg (and depletion of F) where Cl is the dominant 
anion.  
These relationships between major ions within the CSG end member may not 
be logically intuitive because CSG water types are typically described as being 
depleted in Ca and Mg, plus an inverse relationship between HCO3 and F, and Cl and 
C, is  not expected. While some hydrochemical variability between major ions in 
CSG water has been previously reported (Taulis et al. 2007; Papendick et al. 2011; 
Hamawand et al. 2013), the findings  presented in Chapter 5 show that this 
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hydrochemical variability is related to a distinct relationship between particular ions. 
Importantly, this component considers that the coal matrix can have an influence on 
CSG hydrochemistry.  
While the conservative properties of Cl are not disputed, there is a plethora of 
recent and historical research on the mode of occurrence of Cl in coal, as well as  
other geochemical properties of coal matrices, such as variability of ash content 
(Daybell et al. 1958; Caswell et al. 1984b; Huggins et al. 1995; Kimura 1998; 
Yudovich et al. 2006). These studies generally pertain to coal combustion issues 
associated with chlorine content, but they are relevant to hydrochemical studies of 
coal-bearing aquifers as they provide valuable information on the geochemistry of 
coal seams; however, to date this information tends to have been ignored in CSG 
hydrochemical studies.  
The presence of these two distinguishable hydrochemical facies in the CSG 
groundwater in this study area raises a number of important questions regarding the 
application of the CSG groundwater type when understanding aquifer connectivity in 
the study area, including: 
 Is the presence of Na-HCO3 water types are useful indicator for 
understanding the evolution of CSG water and/or aquifer interactions, and 
what is the best means of identifying these water types?; 
 If the CSG hydrochemistry is variable, what is the most effective means of 
delineating these water types within and between aquifers, particularly in 
large data sets? 
These questions were further addressed in the two subsequent chapters. 
10.1.2 Hydrochemical evolution of alluvial groundwater (Chapter 5 – paper 2) 
In Chapter 5 the hydrochemical variability of the alluvium was assessed using 
a combination of multi-variate statistical techniques and inverse geochemical 
modelling. A primary aim of this Chapter was to investigate the occurrence of Na-
HCO3 water types within and between the alluvium and bedrock aquifers. 
Hydrochemical similarities and variability within the alluvial aquifer, and between 
the alluvium and surrounding bedrock aquifers were described using Hierarchical 
Cluster Analyses (HCA) and Principal Component Analyses (PCA). Following this a 
combination of particular ion ratios and inverse geochemical modelling was used to 
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describe major hydrochemical pathways in the alluvium. This component 
demonstrated three important characteristics of the alluvial hydrochemistry:  
1) The hydrochemistry of the alluvium is highly variable;  
2) Despite this variability, Na-HCO3 water types can evolve in-situ in the 
alluvium via a number of hydrochemical pathways including the recharge 
of rainfall or river water or the evolution of basalt-derived discharge; and 
3) Salinity in the alluvium is highest in shallower zones (see 
conceptualisation of alluvial salinity (Figure 5.13) at the end of Chapter 5). 
These findings are not only important for understanding hydrochemical 
processes in the alluvium, but they also demonstrate that Na-HCO3 water types, 
which usually characterise CSG groundwater, are also endemic to the alluvium. In 
this context, the classification of Na-HCO3 water types is unlikely to be a useful 
indicator of interactions with the coal measures occurring in this study area. Chapter 
5 additionally shows that evapotranspiration processes in the alluvium are the 
dominant controls on salinity, with shallower areas of the alluvium having the 
highest salinity. As a result, high Cl in the alluvium is not considered to be a good 
indicator of interactions between the alluvium and the underlying coal measures.  
This chapter also introduced the CCR (cation-chloride ratio) index and applied 
it, in combination with a plot comparing residual alkalinity (RA) and Cl, to describe 
hydrochemical variability within the alluvium, where: 
 (10.1)  CCR = (Ca + Mg)/Cl – (Na + K)/Cl; and  
(10.2)  RA = (HCO3 + CO3) – (Ca + Mg), 
and where all ions are in meq/L.  
These techniques, can be considered analogous to other major ion techniques 
for classifying water types, such as Piper plots or Stiff diagrams; however, the 
advantage of the CCR index and the RA versus Cl plots is that they explicitly 
highlight changes in ion ratios that allow Na-HCO3 water types to be delineated. 
Another advantage of these techniques is that they are geochemically intuitive: the 
relationships between major ion components can be easily visualised in simple plots.  
These techniques published in paper 2 Chapter 5 were subsequently employed 
in another research paper that examined interactions between the Walloon Coal 
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Measures and a shallow alluvial aquifer and its associated stream in a neighbouring 
catchment (Duvert et al. 2015a). This study found that the CCR index and the RA 
versus Cl plot were of use in delineating groundwater between the coal measures and 
adjacent aquifers. Combined with the results of Chapter 4 and 5, this subsequent 
study infers that these techniques could be applied to better understand 
hydrochemical variability within and between aquifers in coal seam gas-related 
studies.  
10.1.3 Redefining the CSG end member and developing a universal tool for 
delineating CSG groundwater (Chapter 6 – paper 3) 
Chapter 6 explores the above further by asking if the CSG water types can be 
better delineated in a way that considers both the hydrochemical variability of the 
CSG end member as well as the changes in the major ion ratios that occur as the 
CSG water type evolve (i.e. that reflects both water-rock interaction and biological 
processes that influence hydrochemistry).  
While Chapter 5 described the hydrochemical variability of the alluvium, it 
also highlighted a substantial degree of variability within bedrock aquifers. Exploring 
this hydrochemical variability in bedrock aquifers was not within the scope of that 
chapter, however, it becomes the focus of Chapter 6. This approach allows the 
evolution of the specific CSG hydrochemical end member to be better understood, 
and highlights potential pathways towards CSG water types in bedrock aquifers.  
A particularly interesting finding of Duvert et al. (2015a) was that groundwater 
in a group of coal measure samples showed an increase in RA and Cl in combination 
with an increase in the δ13C-DIC; this observation implies that there are distinct 
hydrochemical changes as methanogenesis proceeds. On the same note, a well-
accepted theory on the evolution of CSG water types is the enrichment of HCO3 via 
SO4 reduction. Similarly, the inverse relationships between Cl and HCO3, in 
combination with relative changes in F, and Ca and Mg, observed for the CSG 
groundwater in this study (Chapter 4 – paper 1), are also indicative of the CSG end 
member. Combined, this information and the results imply that there are distinct 
major ion relationships of the CSG hydrochemistry associated with areas of high gas. 
Chapter 6 (paper 3) used this information and results in combination with a novel 
application of mathematical techniques, called compositional data analysis (CoDa), 
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to develop mathematically descriptive tools that can be used to delineate CSG water 
types and other similar water types.  
The CoDa approach recognises that hydrochemical plots, such as the CCR 
index and RA vs Cl plot, while geochemically intuitive and broadly effective, they 
are not conducive to modelling because they employ amalgamation which potentially 
induces spurious correlation (Egozcue et al. 2005; Bacon-Shone 2006; Pawlowsky-
Glahn et al. 2006). Traditional analyses in hydrogeology often employ amalgamation 
and ion ratios in plots to assess and describe particular processes or water types. 
These conventional techniques are widely applied and broadly accepted by the 
scientific community but CoDa also shows promise as an effective analytical tool, 
particularly where the relationship between different ion ratios are of value. This 
thesis exploits the mathematical advantages of CoDa in a novel way to describe the 
relative proportion of major ions, which are then used as robust hydrochemical 
indicators of CSG groundwater. In this regard, Chapter 6 (paper 3) proposes a new 
way of classifying CSG water types based on the relative proportions of ions. 
Consequently, this addresses a more fundamental problem in the hydrogeological 
discipline: how to effectively characterise and delineate particularly water types. To 
highlight the value of this approach, some comparisons between traditional methods, 
specifically Piper plots, are shown in Chapter 6. Results show that Piper plots and 
simple classifications of water types based on the dominant ions are not very 
informative, and in some cases can result in over-simplistic and possibly erroneous 
classification of hydrochemical attributes.  
In contrast the classification of water types using CoDa, as outlined in Chapter 
6, employs isometric log ratios to describe the relative proportion of ions within 
samples, which allows distinct and unique attributes of particular groundwater end 
members to be derived. There are two main advantages of applying the isometric log 
ratio approach to this study: a) the isometric log ratio coordinates are orthogonal, 
and, therefore, particular relationships between ions (as described by a sequential 
binary partition) can be expressed as linear models; and b) specific processes that 
lead to the enrichment or depletion of ions can be investigated, thus allowing large 
data sets to be rapidly assessed with respect to specific research questions (here being 
the evolution of a CSG end member).  
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Taking the results of Chapter 4, which discussed hydrochemical variability of 
the Surat and Clarence-Moreton CSG groundwater, Chapter 6 showed that the CSG 
groundwater of the Surat and Clarence-Moreton basins can be modelled in ternary 
diagrams using three ion components: Ca, F and Cl, or alternatively Ca, HCO3 and 
Cl, and where data are scaled to the inverse of the geometric mean. This contrasts 
with the Powder River Basin data, where distinct relationships between these ions 
were not found, despite the CSG groundwater in the Powder River basin having 
relatively higher Ca and Mg concentrations. The result showed that the typical 
classification of CSG groundwater as a Na-HCO3water type is over simplistic, and 
that, while all CSG groundwaters are typically enriched in Na and HCO3 they are not 
necessarily evolving via universal pathways.  
The distinct relationships between Ca, F, HCO3 and Cl for the CSG 
groundwater from the Surat and Clarence-Moreton basins was used to build a 
sequential binary partition that derived specific isometric log ratios that were 
modelled using a simple linear equation. Using this equation the CSG water types 
can be effectively delineated from other similar Na-HCO3water types in the same 
data set. This provides a technique of rapidly assessing similarities between CGS 
groundwater and other similar groundwater types, which can then be used to better 
identify areas of potential aquifer interaction and/or flow paths associated with the 
evolution of CSG groundwater.  
Chapter 6 then applied a similar approach to develop a universal plot for 
delineating CSG groundwater. Using the RA versus Cl plot as a geochemically 
intuitive foundation, two isometric log ratios were derived from a sequential binary 
partition that describe: i) the relative proportion of HCO3 to Ca and Mg ions; and ii) 
the relative proportion of Cl to SO4 ions. The approach captures the range of 
hydrochemical processes that influence CSG groundwater, and using data from 
Duvert et al. (2015a) and new data from the Condamine River catchment, collected 
as part of this thesis: the result showed that groundwater associated with 
methanogenesis and high gas concentrations can be successfully delineated from 
other groundwater. These plots also suggested that the CSG groundwater in the 
Condamine River catchment is likely to evolve via two hydrochemical pathways; a 
relatively lower salinity pathway, with high HCO3 and F; and a relatively more saline 
(brackish) pathway associated with higher Cl and lower HCO3. This new plot was 
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also effective in delineating CSG groundwater, or groundwater associated with high 
gas concentrations, from a range of other basins around the world; therefore, it 
proposed as a new, universal plot for describing and delineating CSG groundwater.  
10.1.4 Understanding the occurrence of CH4 within and between aquifers  
Chapter 6 shows that high-gas bearing groundwater can be distinguished from 
other groundwater in the bedrock of the Condamine River catchment using two 
specific isometric log ratios that describe the relative proportion of ions. However, 
this work does not effectively describe processes that influence the occurrence of 
CH4 within and between aquifers. Two address this; Chapter 7 used δ
13
C-CH4 and 
δ2H-CH4, δ
13
C-DIC, and the δ2H-H2O and δ
18
O-H2O in combination with 
hydrochemical data and DOC concentrations to assess the thermodynamic and 
hydrochemical controls on CH4 within the alluvium and shallow coal measures.  
This chapter found no evidence of CH4 migration, either: a) from the deeper 
gas reservoir (200-500 m) that is exploited for coal seam gas production to the 
shallower areas of the coal measures (<200 m); or b) from the shallow coal measures 
to the alluvium. Considering the advantages of the isometric log ratio approach in 
understanding relative proportion of parts in a compositional sample, this technique 
was also applied to better understand the influence of reactants in specific microbial 
pathways (methanogenesis, anaerobic oxidation of CH4 and SO4 reduction). The 
approach allowed the thermodynamic controls on these processes to be compared to 
isotopic responses.  
This chapter made a number of important findings regarding the nature and 
extent of CH4 in the study area and the application of CH4 in aquifer connectivity 
studies, including:  
 The δ13C-CH4 of the deeper (200 – 500 m) gas reservoir is typically 
depleted (-58‰ to -50‰) due to closed conditions and a limited CO2 pool; 
resulting in positive δ13C-DIC. Up gradient, in the shallow coal measures 
(<200 m) that underlie the alluvium the δ13C-CH4 is typically more 
depleted (-80‰ to -65‰).  
 δ13C-CH4 and δ
2
H-CH4  and associated carbon and hydrogen fractionation 
factors indicate that CO2 reduction is the dominant methanogenic pathway 
in the deeper CSG reservoir, the shallow coal measures and the alluvium;  
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 There is evidence of acetoclastic methanogenesis (highly depleted δ2H-
CH4) in more saline (brackish) zones with relatively higher SO4 in both the 
shallow coal measures and in the alluvium. This pathway explains 
depleted δ13C-CH4 (~-50‰) for an isolated sample in the shallow coal 
measures. Acetoclastic methanogenesis has not been previously reported 
for the Walloon Coal Measures in the Surat Basin and it’s occurrence in 
the alluvium may be related to the presence of kaolinite clays which inhibit 
the rapid depletion of DOC;  
 In the shallow coal measures, as SO4 is depleted with depth, the 
thermodynamic conditions for CO2 reduction pathway become favourable,  
and this pathway becomes dominant resulting in higher concentrations of 
CH4 (up to 18,000 µg/L) and depleted δ
13
C-CH4.  
 High concentrations of CH4 in the coal measures occur along the north 
western flank of the alluvium (in the downstream areas of the study area). 
In contrast, peak CH4 concentrations in the alluvium were found near Cecil 
Plains in the south, most upstream part of the study area. In any case, the 
CH4 concentrations in the alluvium are significantly lower (10-535 µg/L) 
than in the underlying coal measures.  
 In the alluvium, methanogenic activity is controlled by SO4 concentrations 
and changes in salinity, hydrochemical conditions and aquifer lithology 
(clays); however, no relationship between CH4 concentrations and depth 
was observed, with the highest CH4 concentrations found at ~60m.  
 Analysis for data at three nested-well sites, which included wells in the 
alluvium and underlying coal measures, failed to observe evidence of 
vertical migration of CH4 from the underlying coal measures to the 
alluvium.  
Overall, these results highlight that the occurrence of CH4 within and between 
aquifers is the result of complex hydrochemical and thermodynamic conditions. This 
complexity highlights the need to better understand hydrochemical and 
thermodynamic conditions when attempting to understand potential CH4 migration 
between coal measures and adjacent aquifers. This notion is easily demonstrated by 
comparing the results of this study to that of another recent study in the Condamine 
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River catchment. This alternative study used free gas (CH4) data from irrigation-well 
headspaces in conjunction with and δ13C-free-CH4, dissolved organic carbon (DOC) 
and 
3
H to infer CH4 migration from the underlying coal measures to the alluvium at 
some sites near Cecil Plains (Iverach et al. 2015). This study made the following 
assumptions: 
 DOC in the alluvium is exhausted in the same timeframe as 
3
H decay 
(depletion); 
 The absence of 
3
H and the presence of DOC in the alluvium were 
indicative of influx from the underlying coal measures.  
 That a depleted δ13C-free-CH4 value taken downwind from a degassing 
CSG production water pond appropriately defined the CH4 end member of 
the underlying coal measures.  
Data presented in this current study contrast with these assumptions made by 
Iverach et al. (2015). In this current study (this thesis), DOC concentrations were 
found to be consistently low in both alluvial and coal measure aquifers, with peak 
concentrations being found in shallow alluvial zones where kaolinite clays may be 
inhibiting the depletion of DOC. Similarly, 
3
H was generally below detection limit in 
coal measure and alluvial aquifers, including in most shallow alluvial zones. 
Importantly, the controls on δ13C-CH4 in the deep gas reservoir, the shallow coal 
measures and the alluvium were varied. The δ13C-CH4 between the gas reservoir and 
shallow coal measures are distinct. In some cases similar δ13C-CH4 values may 
evolve via independent processes. These contrasts highlight a number of important 
issues that should be considered when assessing potential CH4 migration between 
aquifers:  
1) Because a range of natural processes can cause δ13C-CH4 fractionation, the 
carbon isotopic values of CH4 alone are not necessarily an informative 
parameter for understanding CH4 origins and/or migration, particularly at 
large scales. The δ2H-CH4 data presented in this study highlight the value 
of also using the hydrogen isotope in improving our understanding of CH4 
production pathways.  
2) CH4 is relatively ubiquitous in the subsurface (Kotelnikova 2002). As a 
result, studies concerned with CH4 migration must comprehensively 
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describe the potential production and consumption pathways when using 
CH4 to assess potential aquifer interactions. The isotopic values of the CH4 
from the gas reservoir may not always be an appropriate end member.  
3) The presence of DOC may not necessarily be an indicator of coal seam 
groundwater. DOC can be generated insitu in old alluvial aquifers 
(Aravena et al. 1993) and/or its degradation may be inhibited by different 
clays in the lithological matrix (Oades 1988). Some care needs to be taken 
in using DOC to infer methanogenic pathways where the CO2 reduction 
pathway is present because this pathway does not necessarily require DOC 
to proceed, and in the subsurface other alternative energy sources (such as 
H2) can be bioavailable (Kotelnikova 2002).  
Researchers assessing potential CH4 migration in future studies are encouraged 
to understand the thermodynamic and hydrochemical conditions that are influencing 
CH4 production and consumption, and associated isotopic fractionation, and to build 
conceptual models that can be used to better inform the nature and extent of CH4 
within and between aquifers. These conceptual models can then be refined using new 
data from additional studies.  
10.1.5 Using a multi-isotope and conservative ion approach to assess aquifer 
connectivity 
While the CH4 results from this study did not show any evidence of CH4 
migration from the underlying coal measures to the alluvium, there are areas of the 
underlying coal measures where CH4 does not occur, despite coal being present. This 
appears to reflect the opportunistic response of methanogens in the shallower coal 
measures, with changes in thermodynamic and hydrochemical conditions controlling 
methanogenic activity. As a result, the presence or absence of CH4 in the alluvium 
cannot be used to conclusively assess aquifer interactions, as there may be areas in 
the underlying coal measures that do not contain CH4. The final results chapter, 
Chapter 8, addresses this aspect by using a multi-isotope and conservative ion 
approach to assess solute transfer between the alluvium and the shallow coal 
measures.  
A preliminary peer-reviewed paper prepared as part of this thesis (Chapter 8 – 
paper 5) showed some preliminary results for the stable isotopes of lithium within 
and between coal measure, alluvial and basalt aquifers. Results suggest some 
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interactions between coal measure and basalt aquifers was occurring, yet, remarkably 
the lithium concentrations in the alluvium were typically below detection limit 
(<0.001 µg/L), preventing early lithium isotope analysis. These results highlighted 
the potential value of the conservative lithium ion, and its stable isotopes in 
delineating between alluvium and coal measure aquifers. 
The work presented in the subsequent paper (Chapter 9 – paper 6) provided 
additional analysis to the lithium concentration and lithium isotope results presented 
in Owen et al. (2015b). In this section a combination of stable isotopes of chlorine 
(δ37Cl), water (δ2H-H2O and δ
18
O-H2O), tritium (
3
H) and carbon 14 (
14
C), and the 
conservative ions Cl and Br were used to: a) assess the origins of conservative 
solutes within the alluvium and coal measures; and b) investigate the potential for 
mass (solute) transfer between the alluvial aquifer and the underlying coal measure 
aquifer. Moreover, consistent d-excess values with increasing Cl and variable Cl/Br 
ratios indicate the dominant controls on salinity in both alluvial and coal measures 
aquifers are likely to be wetting and drying and the associated precipitation and 
dissolution of salts, as well as transpiration. Conclusive evidence of significant halite 
dissolution from external sources (e.g. salt accessions or aeolian-derived salts) was 
not observed. While discrete spikes in Cl in deep areas of the alluvium have 
previously been thought to be associated with the influx of groundwater from the 
underlying coal measures, δ37Cl results do not show evidence of significant solute 
(Cl) migration between the alluvium and coal measures in either direction, either via 
diffusion or possible ion filtration through the clayey transition zone.  
Overall, while the use of these multiple isotopes and conservative ion ratios 
(δ37Cl, δ2H-H2O, δ
18
O-H2O, 
3
H, and Cl/Br ratios) proved invaluable for elucidating 
the dominant controls on salinity within aquifers, these parameters are potentially 
ambiguous indicators of aquifer interaction for this study area. Measurements of 
14
C 
were particularly ambiguous results due to the effect of methanogenesis, and 
potentially the dissolution of carbonates, in both the coal measures and the alluvium.  
This compares with other studies where these parameters have proved useful for 
understanding hydrochemical pathways and aquifer connectivity, including some 
studies pertaining to unconventional gas aquifers in North American basins (e.g. 
Kesler et al. 1996; Hendry et al. 2000; Cartwright et al. 2004; Cartwright et al. 2006; 
Shouakar-Stash et al. 2007; Alcalá et al. 2008; Bates et al. 2011; McIntosh 2011). A 
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major challenge in identifying a suitable hydrochemical indicator to assess 
interactions between the alluvium and the coal measures in this study area is that it is 
not possible to define distinct end members based on age, salinity or water origins.  
This challenge was overcome in this study via the use of the conservative Li 
ion. Due to the relatively and consistently low concentrations of dissolved Li in the 
alluvial aquifer, Chapter 9 demonstrated that the alluvial and coal measure 
groundwater can be easily delineated by comparing Li/Cl ratios with concentrations 
of the conservative Br ion. The results showed that coal measure groundwater had a 
consistent Li/Cl ratio, due to a positive linear relationship between Li and Cl, while 
there was relatively little to no change in Li concentrations as Cl increased for 
alluvial groundwater. Alluvial samples with the highest Li concentrations were found 
in shallow wells where silty clays are present, suggesting that the dominant source of 
Li in the alluvium are shallow clay lenses. Overall, the combination of the three 
conservative ions, Li, Br and Cl were successfully used to: 
1) Demonstrate no large-scale mass solute transfer from the coal measures to 
the alluvium at the sampled wells;  
2) Determine if deep alluvial groundwater that are potentially in the 
“transition zone” between the alluvium and underlying coal measures, are 
associated with the alluvial or coal measure groundwater. In this regard, 
one sample from the transition zone had high Li/Cl ratios and was 
identified as being in a weathered upper layer of the coal measures, while 
another had depleted Li concentrations (low Li/Cl ratios) and was 
identified as being in an area where the alluvium has weathered the upper 
layers of the coal measures, but remains hydrologically separate from the 
underlying coal measures;  
3) Demonstrate that isolated cases of deep brackish groundwater (low Li/Cl), 
with similar 
14
C activity to shallow coal measures are not indicative of the 
influx of coal measure groundwater; and 
4) Demonstrate that there is no hydrochemical evidence of the downward 
movement of solutes from the alluvium to the underlying coal measures, 
with the majority of shallow coal measure samples having a consistent, 
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and relatively higher, Li/Cl ratio. However, two shallow coal measure 
samples near Macalister was an exception. 
By combining the Li/Cl ratios with δ7Li this Chapter also showed that the coal 
measure groundwater is likely to be influenced by discharge from the 
overlying/adjacent basalt aquifers. Relatively high δ7Li for selected alluvial samples 
from shallow zones (18-40 m) confirms high weathering rates indicative of long 
residence times, while depleted δ7Li in a deeper (57 m) indicates rapid recharge 
(possibly associated with river water due to this well’s proximity to the river).  
10.1.6 Interactions between the Condamine alluvium and Walloon Coal 
Measures: a brief summary 
Overall, this study found no evidence of dissolved CH4 gas or significant solute 
transfer from the Walloon Coal Measures to the overlying Condamine River 
alluvium. Similarly, the data presented in this study do not show evidence of solute 
or gas transfer from the alluvium to the coal measures. There is one exception in the 
data set where the hydrochemistry of a coal measure well is not consistent to that of 
other coal measure wells, and it may indicate a similar origin of solutes to the 
overlying alluvium at this isolated site, but it is more likely associated with a 
degraded well casing.  
10.2 IMPLICATIONS FOR ASSESSING CONNECTIVITY BETWEEN 
COAL SEAM GAS-BEARING AND ADJACENT AQUIFERS 
This study developed, applied and compared a range of hydrochemical and 
isotopic parameters/techniques to explain hydrochemical variability and investigate 
potential aquifer interactions in the Condamine River catchment. Each 
parameter/technique provides different insight into the hydrochemistry of the aquifer 
studied and allows particular aspects of potential aquifer interactions to be deduced. 
Given that the Condamine River catchment data set has a high degree hydrochemical 
variability, some of these parameters/techniques are also useful for assessing large 
data sets with regards to CSG-related research questions. At the local/regional/basin-
scale the effectiveness of these parameters/techniques should inform future water 
resource monitoring and management projects associated with CSG. At the global 
scale, these parameters/techniques may have value/applicability to other basins 
where the hydrochemistry within and between coal seam gas-bearing aquifers is of 
interest. Appendix A summarises each parameter and technique, both with respect to 
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its effectiveness as tool for understanding interactions between coal seam gas-
bearing aquifers in the Condamine River catchment (and the Surat and Clarence-
Moreton basins more broadly), as well as in CSG-related studies more broadly.  
Overall, Li, Li/Cl ratios and δ7Li were notable as the most effective 
hydrochemical and isotopic tools for delineating between the coal measures and the 
alluvium. The use of CH4 and its associated carbon and hydrogen isotopes allowed 
an assessment of the nature and extent of CH4 within and between the relevant 
aquifers to be made, but this approach requires a comprehensive data set that include 
isotopic data on both the carbon and hydrogen isotopes in the CH4 and respective 
DIC and water phases as well as hydrochemical data are required to make 
informative distinctions between the isotopic fractionation effects associated with 
CH4 consumption, production and migration pathways. As a result, the use of CH4 
may not be a pragmatic indicator/tool for water resource managers and industry 
alike.  
10.3 RECOMMENDATIONS FOR FUTURE STUDIES 
10.3.1 Monitoring interactions between the alluvium and coal measures 
The value of Li and Li/Cl ratios shown here in this study indicates that this 
parameter is a valuable hydrochemical tool for this study area and it should be 
included in future monitoring programs, particularly for deep wells. While this study 
is comprehensive, and the sampling program was strategically informed from 
preliminary hydrochemical assessments, it is not possible to confirm that there are no 
areas where interactions between the alluvium and coal measures are occurring. In 
this context a Li survey of the alluvium, and the underlying shallow coal measures, 
would be a useful exercise, especially in the downstream sections of the catchment 
which were not sampled in this study.  
10.3.2 Improving the understanding of the Condamine River alluvium   
Some previous researchers have recommended preparing reactive transport 
models for the Condamine River alluvium to accompany flow/hydraulic models 
(Dafny et al. 2013). This study shows a high degree of hydrochemical variability and 
mixing that is not necessarily related to broader, regional hydraulic flow paths. As a 
result, a reactive transport model that describes hydrochemical processes at the large-
scale (kilometres) is unlikely to be possible, or, if it were, it would be over-
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simplistic. An alternative and more informative approach would be to perform 
detailed studies at the local-scale (metres) that address a particular hydrochemical 
phenomenon, such as:  
 River recharge; 
 Diffuse recharge and deep drainage (the vertical migration of water 
through the overlying clay soils); 
 Hydrochemical responses to pumping conditions, e.g. Cl release from clay 
lenses; and  
 Carbon budgets in the shallow and deep alluvium.  
 Linking conservative ion data (Li, Cl and Br) with reactive transport and 
hydraulic models at smaller scales.  
Where data permits reactive transport models for these scenarios to be built, 
results can be used to collectively inform comprehensive conceptual models that 
describe this complex and highly-variable alluvial system.  
10.3.3 Understanding Li and Cl origins in coal seams 
The consistent positive linear relationship between Li and Cl in the Walloon 
Coal Measures observed in this study indicate that the Cl concentrations are 
associated with a weathering process. This implies that an understanding of the 
specific origins of Li (weathering products) in the coal measures may help elucidate 
hydrochemical pathways in this formation, particularly those associated with the 
origins of Cl. On the same note, given that coal is a potential source of Li ions 
(Seredin et al. 2013; Qin et al. 2015), the presence and distribution of Li in other coal 
seams presents an interesting area of research; especially where aquifer connectivity 
or flow paths are of interest.   
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Chapter 11: Conclusions 
This study provided a hydrochemical and isotopic assessment within and 
between a large alluvial aquifer (the Condamine River alluvium) and an 
overlying/adjacent coal measure aquifer (the Walloon Coal Measures) that is being 
exploited for coal seam gas reserves in south east Queensland, Australia. In order to 
extract coal seam gas reserves, water needs to be extracted from the coal seams to 
release the sorbed gas. Globally, this method unconventional gas extraction has 
raised concerns about aquifer connectivity, especially where the gas-bearing aquifers 
are adjacent to or underlie other economically or socially important aquifers, such as 
alluvial aquifers that are exploited for agricultural purposes. A particular focus of this 
study was placed on understanding solute and gas transport within and between the 
coal seam gas-bearing and adjacent aquifers. In addition to providing a catchment-
specific assessment, this study has contributed to understanding hydrochemical and 
isotopic behaviour within and between coal seam gas-bearing aquifers and adjacent 
aquifers. Specifically, it has provided some insight to, and critique on, different 
methods used to delineate CSG end members as well as on the effectiveness of 
different hydrochemical and isotopic tools as indicators of aquifer interactions. In 
this regard, novel findings include: 
 CSG groundwaters, while typically dominated by Na, HCO3 and Cl ions, 
are by no means the same and are likely to evolve via a number of 
different processes. Subtle changes in minor ion components, such as Ca 
and F, allow a better understanding of the hydrochemistry of the CSG 
groundwater end member to be made.   
 Na-HCO3 water types are not unique to CSG groundwater and may evolve 
via a number of insitu processes in other aquifers, including alluvial 
aquifers. Therefore, classifications of Na-HCO3 water types are unlikely to 
be informative indicators of interactions with coal seam gas-bearing 
aquifers, or the evolution of coal seam gas water types.  
 It is possible to re-define the CSG hydrochemical end member using 
isometric log ratios that represent the relative abundance of ions in the 
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simplex (the sample space). These coordinates allow simple linear or 
quadratic models to be derived, which provide a novel and more 
informative alternative to characterising water types than conventional 
descriptions of “water types” based on the dominant ions.  
 In gas reservoirs, the limited pool of CO2 can lead to relatively enriched 
δ13C-CH4, while in shallower areas the δ
13
C-CH4 can be significantly 
depleted. As a result, comprehensive assessment of the isotopic 
characteristics of CH4 at different zones within and between aquifers is 
required to define an appropriate isotopic end member for use in aquifer 
connectivity studies.  
 While acetoclastic methanogenesis is previously thought to dominate in 
freshwater, this study found acetoclastic methanogenesis to be limited to 
areas where SO4 (and salinity) concentrations are relatively higher and/or 
in areas where kaolinite clays have inhibited rapid depletion of the DOC 
pool.  
 Li concentrations, expressed as Li/Cl ratios, in combination with another 
conservative ion, Br, can be used to successfully delineate coal-bearing 
and alluvial groundwater. Combined with δ7Li, Li/Cl ratios show promise 
as powerful and informative groundwater tracers in coal seam gas-related 
studies because the conservative Li ion is not influenced by pH, 
temperature, redox conditions or biological processes.  
Moreover, this study found no evidence of large-scale gas or solute transfer 
between the alluvial aquifer, the Condamine River alluvium, and underlying Walloon 
Coal Measures. Both aquifers exhibit variable hydrochemistry, yet similar controls 
on salinity and Cl. Results also indicate that transpiration is most likely the dominant 
control on salinity in the alluvium, with higher salinity occurring in shallow zones 
(~15-30 m). Small concentrations of dissolved CH4 (10-550 µg/L) occur in the 
alluvium in isolated wells in deep and shallow zones; the concentrations and isotopic 
composition of this CH4 can be explained by insitu changes hydrochemical and 
thermodynamic conditions in the alluvium. They are not associated with areas where 
peak concentrations of gas occur in the underlying coal measures, and CH4 leakage 
from the underlying coal measures was not evidenced from hydrochemical, gas 
concentration and isotopic data. In the shallow coal measures (<200 m), which 
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directly underlie the alluvium, changes in hydrochemical and thermodynamic 
conditions result in an increase in the CO2-reduction pathway and CH4 
concentrations. Acetoclastic methanogenesis was observed for one well at the 
alluvial margin: this is the first reported observation of this methanogenic pathway in 
the Walloon Coal Measures of the Surat Basin. δ13C-CH4 and δ
2
H-CH4, δ
13
C-DIC 
data from the deep gas reservoir (200-500 m) indicate a closed system in deeper 
environments, and no migration of CH4 from the deeper  gas reservoir to the 
shallower (<200 m) of the coal measures was observed.  
In the alluvium there is a limited source of Li ions (typically ~0.001 mg/L or 
less), regardless of salinity, indicating highly leached weathering products and low 
TDS recharge sources such as rain, river or flood water. In contrast, Li 
concentrations in the coal measures are relatively higher (0.007 mg/L to 0.04 mg/L) 
and positively related to Cl. The conservative Li ion and the δ7Li isotope were 
successfully used to delineate between alluvial and coal measure groundwater, as 
well as show mixing between basalt and coal measure aquifers. A number of high Cl, 
yet relatively low Li groundwaters were found in the coal measures at discrete (n=2) 
locations: these suggest an alternative source of Cl that is possibly related to a 
downward flux of water from the alluvium or leaking well casings.  
The most effective hydrochemical indicators used in this study were: a) 
isometric log ratios that describe the relative proportion of ions: these can be used to 
delineate particular water types and groundwater associated with high gas 
concentrations; and b) Li concentrations (Li/Cl versus Br plots, or isometric log ratio 
plots that use log ratio coordinates synonymous with Li/Cl ratio and the relative 
proportion of Br to other ions (a salinity proxy)), in combination with δ7Li.  
To conclude, this study provided a comprehensive assessment of 
hydrochemical, isotopic and CH4 assessment of a coal seam gas-bearing and adjacent 
aquifer. With respect to the Condamine River catchment, results presented here do 
not indicate large-scale interactions between the alluvium and underlying coal 
measures. Further investigations in the study area using the techniques described in 
this thesis will improve our understanding of potential interactions between these two 
aquifers. This information and data can be used to inform future studies and water 
resource management decisions.  
  
Chapter 11: Conclusions 278 
This study demonstrated that complex systems can be adequately assessed 
using robust and emerging techniques that better describe groundwater end members 
and hydrochemical processes. The findings of this study have direct applicability to 
future studies concerned with aquifer connectivity and/or water resource 
management associated with unconventional gas development worldwide. More 
broadly, the techniques and approaches used here provide informative insight into 
the effectiveness of hydrochemical and isotopic parameters to delineate particular 
groundwater end members and/or to be used as indicators of aquifer connectivity in 
in future hydrogeological studies. 
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Appendices 
Appendix A 
Summary and comparison of the effectiveness of different hydrochemical and isotopic tools for understanding aquifer connectivity in 
coal seam gas-related studies. 
Parameter/technique Comments on effectiveness as a potential indicator in 
CSG-related studies  
Applicability/effectiveness as in indicator in: 
 
Condamine catchment, eastern Surat 
and/or north western Clarence-Moreton 
basins 
CSG-related studies more broadly 
                                Hydrochemical parameters/techniques 
1. Conventional descriptions of 
water types (e.g. Na-HCO3) 
Pros: all CSG groundwater will have Na, HCO3 and Cl 
as the dominant major ions. Techniques that describe 
major ion components are easy to perform and well-
accepted in the discipline. 
 
Cons: the description of the dominant major ion are not 
likely to be useful because the Na-HCO3 “water type” 
that is typical of CSG groundwater can evolve 
independently of coal and/or methanogenesis in other 
areas. The amalgamation of certain ions using 
conventional techniques which describe the major ion 
components, such as Piper Plots or Stiff diagrams may 
be counter-intuitive for CSG-related studies (e.g. SO4 + 
Cl in Piper plots), and these plots also invoke spurious 
correlation (Egozcue et al. 2005).  
 
Weak: Na-HCO3 water types can evolve in 
the Condamine River alluvium via a 
combination of river, rainfall or basalt-
derived groundwater discharge.  
 
Weak: Subject to local conditions.  
 
2. Descriptions of water types 
based on the relative 
Pros: CoDa uses mathematical techniques to describe 
the relative proportion of ions; this is a more robust 
Effective: The relative proportion of ions, 
specifically, HCO3, Ca, Mg, Cl and F, in 
Likely to be effective: Chapter 4 shows 
that the influence of a simple SO4 
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Parameter/technique Comments on effectiveness as a potential indicator in 
CSG-related studies  
Applicability/effectiveness as in indicator in: 
 
Condamine catchment, eastern Surat 
and/or north western Clarence-Moreton 
basins 
CSG-related studies more broadly 
proportion of ions 
(compositional data analysis 
(CoDa) techniques) 
method of describing a water type. Similar water types 
can be distinguished from each other by unique relative 
proportion of ions.  
 
Cons: The presentation of results derived from these 
techniques may not be geochemically intuitive, at least 
initially. They also require some mathematical 
preparation and analysis.  
the CSG groundwater in these basins 
follows a distinct relationship. This can be 
easily modelled using isometric log ratios, 
which allow CSG groundwater to be 
distinguished from other water types (see 
Chapter 4 – paper 1). 
reduction pathway on the evolution of 
the CSG hydrochemical end member 
can be assessed within a large data set 
using isometric log ratios. Given that 
this pathway is thought to be a 
universal process influencing CSG 
water types (Van Voast 2003), 
identifying this pathway may help in 
understanding hydrochemical pathways 
associated with CSG. Similarly, some 
CSG groundwater from other basins 
may exhibit unique relative proportion 
of ions, as was observed for the 
Surat/Clarence-Moreton data set.  
3. Multivariate-statistical 
techniques (conventional) 
Pros: Conventional techniques are easy to apply and a 
range of statistical programs are readily available. 
Allows variability in large data sets to be assessed.  
 
Cons: Conventional HCA techniques may cluster 
samples of similar ion composition, yet, which are not 
hydrochemically related. An example of this is provided 
in Chapter 4. Additional data interrogation is required to 
understand cluster results. 
Moderately effective: These techniques 
are readily applied in other similar studies 
to investigate and explain hydrochemical 
variability.  
Moderately effective: These 
techniques are readily applied in other 
similar studies to investigate and 
explain hydrochemical variability. 
4. Centred- and isometric-log 
ratio approaches to assessing 
high degree of variability 
Pros: These techniques can be considered more robust to 
conventional multi-variate techniques because they 
consider the relative proportion of ions in the simplex, 
the sample space, rather than comparisons of total ion 
concentrations. Isometric log ratios can be derived from 
intuitive sequential binary partitions that aim to elucidate 
particular processes or water type: these can then be 
applied to a HCA; the result is a set of clusters based on 
the specific relative proportion of ions. An example is 
provided in Chapter 6 – paper 3.  
 
Effective: These alternative techniques 
have high value, especially where 
distinctions between particular water types 
are of interest.  
Effective: These alternative techniques 
have high value, especially where 
distinctions between particular water 
types are of interest. 
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Parameter/technique Comments on effectiveness as a potential indicator in 
CSG-related studies  
Applicability/effectiveness as in indicator in: 
 
Condamine catchment, eastern Surat 
and/or north western Clarence-Moreton 
basins 
CSG-related studies more broadly 
Cons: The centred log ratio (clr) biplot is a robust 
alternative to a conventional biplot, but the covariance 
and correlation matrices are singular (Egozcue et al. 
2003; Pawlowsky-Glahn et al. 2006). As a result, some 
care is needed when interpreting clr transformed data 
because the clr-coordinates represent the proportion in 
the numerator with respect to the geometric mean of all 
the parts in the composition. Additional data 
interrogation and an understanding of CoDa is required 
to understand cluster results. 
 
 
 
5. Chloride concentrations Pros:  The Cl ion has conservative properties. 
 
Cons: Biogeochemical cycling of chlorine is not well 
understood, and the presence of large amount of organic 
matter (coal) and/or clays may result in some chloride 
retention in the coal-aquifer matrix (Huggins et al. 1995; 
Hjelm et al. 1996; Öberg et al. 2005a; Yudovich et al. 
2006).  
Weak: While the groundwater in the 
Walloon Coal Measure is typically 
brackish, brackish groundwater also occurs 
in the alluvium, particularly at shallow 
depths, and there are numerous controls on 
salinity in the alluvium. Furthermore, Cl 
concentrations in the Walloon Coal 
Measures can be highly variable.  
 
 
Subject to local conditions.  
 
6. CCR index 
(cation-chloride ratio) 
 
Defined as: 
 
(Ca+Mg/Cl) - (Na+K/Cl),  
 
where all ions are in meq/L. 
Pros: The CCR index is easy to calculate and use, and 
plots are geochemically intuitive. In combination with 
the HCO3/Cl ratio it is useful for distinguishing major 
water types in a highly variable data set, particularly to 
identify Na-HCO3 water types. An example is shown in 
Chapter X, and subsequently in other published work 
(Duvert et al. 2015b). 
 
Cons: CSG groundwater with low Cl concentrations may 
have highly negative CCR index values, leading to 
scaling problems with the plot. The CCR index uses 
Moderately effective: The CCR index can 
be useful for making rapid assessments of 
hydrochemical variability in the alluvium, 
but is less effective when comparing CSG 
water types with other similar Na-HCO3 
water types.  
Subject to local conditions. The CCR 
index can be useful for making rapid 
assessments of hydrochemical 
variability in the alluvium, but is less 
effective when comparing CSG water 
types with other similar Na-HCO3 
water types. 
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Parameter/technique Comments on effectiveness as a potential indicator in 
CSG-related studies  
Applicability/effectiveness as in indicator in: 
 
Condamine catchment, eastern Surat 
and/or north western Clarence-Moreton 
basins 
CSG-related studies more broadly 
 amalgamation, synonymous with other conventional 
techniques such as the Piper plot, which may invoke 
spurious correlation. As a result, while it may be useful 
for visualising and categorizing different water types, it 
is not an ideal tool for modelling specific processes 
7. Residual alkalinity (RA) versus 
Cl concentration plots  
 
where RA is defined as:  
 
(HCO3 +CO3) – (Ca + Mg), 
 
where all ions are in meq/L. 
Pros: The hydrochemical properties of CSG 
groundwater mean they will always have positive RA 
values. RA is a common hydrochemical description that 
is familiar to many hydrogeochemists, and therefore 
plots are geochemically intuitive.  
 
Cons: Positive RA values does not necessarily 
distinguish similar Na-HCO3 water types from each 
other. The techniques employs amalgamation and 
therefore may invoke spurious correlation, meaning it is 
not ideal for modelling hydrochemical processes.  
Weak to moderately effective: The RA 
versus Cl plot is useful for understanding 
hydrochemical variability and changes in 
the alluvium. When comparing CSG 
groundwater to other water types the CoDa 
alternative (see 8 in this table) is a more 
robust alternative.  
Weak to moderately effective: When 
comparing CSG groundwater to other 
water types the CoDa alternative (see 8 
in this table) is a more robust 
alternative. 
8. An isometric-log ratio 
alternative to the RA versus Cl 
plot 
 
Defined from a sequential binary 
partition that derives two isometric 
log ratio coordinates: one that 
partitions HCO3 with Ca and Mg; 
and another partitions Cl and SO4. 
An example is provided in Chapter 
6 – paper 3.  
Pros: These isometric log ratios capture both universal 
hydrochemical attributes, as well as hydrochemical 
variability of CSG groundwater. The isometric log ratio 
coordinates represent the relative abundance of the 
relative ions; they are orthogonal and can be used to 
model a hydrochemical pathway associated with 
methanogenesis. The plot is based on the RA versus Cl 
plot, and is therefore geochemically intuitive. 
 
Cons: The plot requires some mathematical and 
conceptual understanding of CoDa before being used.  
Effective: groundwater with high gas 
concentrations can be easily delineated 
using these two isometric log ratio 
coordinates.  
Effective: groundwater with high gas 
concentrations can be easily delineated 
using these two isometric log ratio 
coordinates. 
9. Cl/Br ratios Pros: Both Cl and Br have conservative properties. Cl 
and Br are typically derived from major processes, such 
as rainfall or halite dissolution. The ions are easy to 
sample and measure.  
 
Cons: Where similar sources of water exist, and/or 
where there are highly variable controls on salinity, it 
Weak: In the Condamine catchment, the 
sources and controls on Cl and Br in the 
alluvium and shallow coal measures are 
similar. As a result, the Cl/Br ratios are 
highly variable and a distinct Cl/Br end 
member could not be defined. Some 
shallow coal measure samples had very low 
Subject to local conditions: The Cl/Br 
ratio is often effective where a distinct 
source of saline water is present, such 
as brines (Davis et al. 1980; Cartwright 
et al. 2006; Alcalá et al. 2008; Engle et 
al. 2013; McIntosh et al. 2014).  
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CSG-related studies  
Applicability/effectiveness as in indicator in: 
 
Condamine catchment, eastern Surat 
and/or north western Clarence-Moreton 
basins 
CSG-related studies more broadly 
may not be possible to derive an appropriate Cl/Br end 
member. Biogeochemical cycling of chlorine is not well 
understood, and the presence of large amount of organic 
matter (coal) and/or clays may result in some chloride 
and/or bromide retention in the coal-aquifer matrix 
(Huggins et al. 1995; Hjelm et al. 1996; Öberg et al. 
2005a; Yudovich et al. 2006). Br can sometimes be 
affected by biological processes, but the extent to which 
methanogenesis or other biological processes may affect 
Br concentrations is not known (Davis et al. 1998).  
Br concentrations (very high Cl/Br ratios) 
which could not be explained and may be 
associated with a biological effect.  
10. Li concentrations, and 
combinations of the 
conservative Li, Cl and Br ions.   
Pros: Li ions, like Cl and Br ions, have conservative 
properties (Murray et al. 1981; Wrenn et al. 1997; 
Carrillo-Rivera et al. 2002; Kszos et al. 2003; Richards et 
al. 2015). Unlike Cl and Br, Li is typically derived from 
the lithological matrix: meaning aquifers that have 
similar sources of water and/or controls on salinity can 
theoretically be distinguished from each other if the Li 
weathering rate and/or lithology between aquifers differs. 
Li shows particular promise in CSG-related aquifer 
connectivity studies because coal is a potential source of 
the Li ions (Seredin et al. 2013; Qin et al. 2015).  
 
Cons: Li is ubiquitous but often present in trace (low) 
concentrations, and typically requires ICPOES analysis. 
Low concentrations in low salinity groundwater may be 
difficult to detect, although in some cases a non-detect 
may still provide valuable information. In cases where 
the lithology and/or residence times are similar, Li 
concentrations may be similar between aquifers.  
Highly effective: Using Li/Cl ratios in 
comparison with Br concentrations this 
study was able to successfully delineate 
groundwater in the alluvium from the 
underlying coal measures.  
Effective: Li is an under-utilised and 
under-valued conservative ion tracer. It 
shows particular promise in CSG-
related aquifer connectivity studies 
because coal is a potential source of the 
Li ions, and because this conservative 
in is not affected by redox conditions, 
pH or biological processes (Hem 1985; 
Tang et al. 2007; Seredin et al. 2013; 
Qin et al. 2015). However, its 
applicability needs confirming in 
specific basins.  
                                Other parameters/techniques (isotopes and CH4) 
11. CH4, δ
13
C-CH4 and δ
2
H-CH4, 
δ
13
C-DIC 
Pros: CH4 is readily measurable in CSG aquifers and the 
fractionation effects on the associated carbon and 
hydrogen isotopes on production and consumption 
pathways is well documented (Whiticar et al. 1986; 
Moderately effective: In the Condamine 
catchment there are clear isotopic 
distinctions between the CH4 in the deep 
gas reservoir and the shallower Walloon 
Moderately effective: subject to local 
conditions.  
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CSG-related studies more broadly 
Cord-Ruwisch et al. 1988; Liptay et al. 1998; Chanton et 
al. 1999; Conrad 1999; Whiticar 1999; Chanton et al. 
2005; Conrad 2005; Stams et al. 2005; Chanton et al. 
2006; Conrad et al. 2010; Penger et al. 2012).  
 
Cons: The use of these parameters requires detailed 
understanding of hydrochemical and thermodynamic 
conditions that influence CH4 production and 
consumption pathways. There is a risk in deriving 
erroneous interpretations when one of these parameters is 
used in isolation; δ13C-CH4 and δ
2H-CH4 should always 
be measured together, although highly positive δ13C-DIC 
of production water has shown to be a useful indicator of 
the migration of production on its own (Sharma et al. 
2008).  
Coal Measures. By combining the δ13C-
CH4 and δ
2H-CH4  with information on 
isotope fractionation (partitioning between 
water and DIC phases) and with 
hydrochemical and thermodynamic data 
this study was able to show that low 
concentrations of dissolved CH4 in the 
alluvium were most likely generated insitu.  
12. δ
37
Cl (stable isotopes of 
chlorine) 
Pros: Useful for understanding the influences and 
controls on Cl origins and/or transport. 
 
Cons: The stable isotopes of chlorine show a small 
fractionation range in nature, and these stable isotopes 
have not been applied to a broad range of 
studies/environments.   
Moderately effective: The δ37Cl results 
were invaluable in confirming a range of 
influences on Cl transport and controls on 
salinity within and between aquifers. 
However, due to this variability δ37Cl was 
not useful in delineating specific end 
members between aquifers in this 
catchment. At more discrete locations, i.e. 
at a smaller scale, where Cl transport is 
suspected, e.g. via diffusions, δ37Cl is likely 
to be useful. It may be particularly useful to 
confirm a process where CH4 is migrating 
via diffusion. 
Subject to local conditions: The δ37Cl 
may be useful at discrete locations, 
particularly where diffusion controlled 
transport is suspected. It may be 
particularly useful to confirm a process 
where CH4 is migrating via diffusion. 
13. 
14
C (radio carbon) Pros: can be used to derive an estimate groundwater age 
(up to 50,000 years) 
 
Cons: in aquifers with complicated carbon cycling and 
consumption processes, dead carbon can easily enter the 
DIC pool: in some cases it may be difficult to accurately 
Not recommended as an indicator of 
aquifer connectivity in CSG-related 
studies: 14C data was useful for 
demonstrating that the water in the 
alluvium was relatively old. While deeper 
groundwater in the alluvium showed similar 
Not recommended as an indicator of 
aquifer connectivity in CSG-related 
studies, but subject to local 
conditions.  
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and/or north western Clarence-Moreton 
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CSG-related studies more broadly 
estimate the contribution of dead carbon from these 
processes, particularly where methanogenesis is present.  
14C activity to the underlying coal 
measures, an inverse relationship between 
percent modern carbon (pmc) and CH4 
concentrations was observed for the 
shallow Walloon Coal Measures where CH4 
was present. This implies that degradation 
of the coal matrix via methanogenic 
processes is releasing dead carbon from the 
coal matrix. Some studies have managed to 
correct for the influence of methanogenesis 
on 14C activity (Aravena et al. 1993); under 
these scenarios a flow path needs to be 
defined. However, a relationship between a 
potential flow path and CH4 concentrations 
was not observed for the shallow coal 
measures in this study.  
14. 
3
H (tritium) Pros: provides a means of estimating young (up to 100 
years) groundwater.  
 
Cons: Tritium is unlikely to be presented in older or 
deep aquifers.  
Not effective: 3H was generally absent 
from the alluvium at shallow depths.  
Subject to local conditions. 
15. δ
7
Li (stable isotopes of 
lithium) 
Pros: During weathering of silicates, the lighter 6Li 
isotope is preferentially retained in clay minerals (Huh et 
al. 1998; Huh et al. 2004). As a result, δ7Li is a useful 
indicator of weathering rates and may be used as a 
surrogate for residence times. δ7Li is also useful because 
Li ions behave conservatively. It may be  particularly 
effective where 87Sr results are ambiguous or do not 
delineate aquifer end members.  
 
Cons: Because Li occurs in trace concentrations it is 
easy to contaminate the sample. Sampling bottles need to 
be especially prepared via thorough acid cleaning using 
specialised, distilled acid products, and samples need to 
Highly effective: Using δ7Li, in 
combination with Li/Cl ratios, this study 
was able to successfully describe a 
relationship between basalt groundwater 
and groundwater in the shallow coal 
measures. Similarly, δ7Li was used to 
support the theory of weathering of clay 
minerals in the shallow alluvium, and that 
the sources of Li in these zones of the 
alluvium are distinct from the coal 
measures.  
 
Effective: Li and δ7Li are under-
utilised and under-valued tracers. It 
shows particular promise in CSG-
related aquifer connectivity studies 
because coal is a potential source of the 
Li ions and the δ7Li are not affected by 
redox conditions, pH or biological 
processes (Hem 1985; Huh et al. 1998; 
Pistiner et al. 2003; Huh et al. 2004; 
Tang et al. 2007; Lemarchand et al. 
2010; Seredin et al. 2013; Qin et al. 
2015).  
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be preserved with a similar quality acid. Sampling 
methods need to ensure that contamination (e.g. dirt, dust 
from wind etc.) is prevented.  
 
